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ABSTRACT

This report describes in detail the use ol the Projecot 617 radar
for making incoherent scatter measurements of the ionosphere.  The data
processing and analysis methods are fully explained, including all the
assumptions, interpolations, and cextrapolations. Two new major computer
programs were implomented.  Posrtions ol the radar hardware that are cos-
pucially important to the incoherent scatter measurcments and portions
that have been developed, modificd, or improved during the past year are
also described.  The development and implementation of a digital auto-
correlator, in combination with new computer software, has resulted in
an order-of-magnitude inprovement iun data processing time, as well as o

significant improvement in measurement accuracy.
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I INTRODUCTION

The incoherent scatter technique has made possible the measurenant
of ionospheric electron densities and electron and ion temperatures with
a siagle, ground-based radar system. These ionospheric parameters are
important to lhe Defense Atomic Suppori Agency (DASA) nuclear weapons
test program., During the nast five years, Stanford Research Institute
has--for DASA-~designed, constructed and operated an incoherent scatter
radar to develop the techniques for operating in a nuclear environmént,
to improve the radar system, and to conduct ionospheric researches on

the natural ionosphere.

During the past twelve months, the objectives of this project have
been to implement a program of equipmental and operational improvements
to the Mighty Sky Project 617 radar in order to achieve a high degree of
test readiness,  sSpecifically, the project efforts during the last half
ol 1969 and the first quarter of 1970 have been Adirected towards:

(]) Implementing computer programs and procecares to speed
up and aulomate data processing and data analysis

(2) Implementing a digital autoco. relator to enable spectral
analyscis to he performed in (nearly) real time

(3) Conducting ionospheric studies using the incoherent
scatter technique for the purpose of betier under-
standing ionospheric phenomena

(4) Planning the move of ithe radar to the auroral zone

(5) Maintaining a current awarencss in the progress of
the incoherent scatter technigue so that maximum use-
fulness of this technique for DASA's purposes will be
reialized,

AR AN S b v it
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This report, Final Report--Part A, describes the re¢sults of the

work performed to satisfy Objectives 1 and 2, 1t is also intended for
use as a reference document that describes in detail the hardware,
software, and procedures used in processing and analyzing the incoherent
scatter data., Since many changes in hardware and sof tware have been

made during the past five vears., and since the radar will be relocated

to Alaska and uscd by personncl less familiar with its operation, it was
felt that a report collecting in one volume all the pertinent information
concerning the receiver system, calibration system, analog-to-digital
conversion (ADC) system, digital subsystem, and computer processing

system would be extremely useful,

The work performed under Objective 3 of this projecl is described
in a separate report, Fipnal Report--Part B, That report includes the
results of three 48-hour data runs (June, July, and August 1969) taken
before the installation or the digital autocorrelator and at least three
48-hour data runs (February, March, and April 1970) taken after the in-

stallation of the¢ autocorrelator. In addition, data were taken and anal-

yzed for two partial solar cclipses--one on 11 September 1969 in which
the sun was about 70 percent obscured, and one on 7 March 1970, in which

the sun was less than 30 percent obscurced,

The work performed under Objective 4 of this project has been
completed; it resulted in a proposal entitled "DASA Projeci G617 kadar
Relocation,” which was submitted to DASA in early March 1970. Included

in that prcposal is a description of the work done under Objective 4.

Objective S-~-maintaining a current awareness of the progzress of the
incoherent scatter technique--is appliceble to ull the other objectives
of this project, The achievement of this objective is evidernced by the
improvements and results described in both Part A and Part B of thir

Final Report. i
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The plasma physics theory governing incoherent scattering of radio
. . . . . 1,2 3%
waves from the ionosphere is well described in the literature” ?
and will not be repeated here. However, the equations, assumptions,
interpolations, and extrapolations used in the data processing and
analysis are described in Section 11, Measurement Technique. That
section gives the mathematical procedures used in the processing of

the incoherent scatter data so as to yield electron densities and

electron and ion temperatures,

S¢ction 111 of this report describes the radar system hardware,

including:

) Receiving and calibration equipment
) Analog-to-digital conversion equipment
(3) Digital autocorrelater

Computer interfacing equipment,

The software developed for and used by the Project 617 radar is
described in Section 1V, Included are the on-line data collection
program and the off-line data processing and analysis program, both

of which were implemented during the past nine months,

Section V summarizes the improvements incorporated into the system
during the past year and points out further improvements that could be

made in the future.

* References arc listed at the end of this report.

4
aill

\
3

MM,‘MM




PRECEDING PAGE BLANK-NOT FILMED

-

11 MEASUREMENT TECHNIQUE

Incoherent scatter is basically a technique for measuring ionospheric
clectron densities and electron and ion temperatures by using a ground-
based radar facility. Several alternative measurement methods are pos-

. 4 s . . . .
sible. I'his report discusses in detail only the monostatic pulsed radavr
technique implemented for the DASA Project 617 L-band radar. Mcasurcments
of received power as a function of range and oit the frequency spectrum of
the received signal as a fuaction of range are used to determine the iono-

spheric parameters.

A, Power Profile

Equation (1) is the formulation of the radar cquation applicable to

]
the incoherent scatter measurcments:

) ) <2
, 2 R™P 1 +a +7 )1+ a
P N 1 1 ¢ ) ) (1)
ST co 222 e Ty 1 2 ’
m G O\
/ o T 7N
J
*
where
N = electron density at range R (el/m )
¢ = velocity of light (w/s)
-28 2
o = 0.5 X 10 m = backscatlter cross section of single
m o
clectron, assuming o~ = 0, 1T =1
r
All terms are listed and defined in the Glossary, which precedas the

References.
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GO = antenna gain along main axis = 47.156 dB
9% = antenna half beamwidth (radians) = 0,3 /180
A = radar wavelength (meters)
T = prodact of transmit and receive system losses = -1.9 dbB
P, = transmitted power (watts)
T = transmitted pulse length (seconds)
PP = received power at range R (wntts)
8
Tr = c¢lectron-to-ion temperaiure ratio at rangec R
2 2 G
o = (kD) = 14,22 X 10 ’J‘e/f\‘ at A = 0,23 m.

The numerical constants (first bracket) and unchanging radar parameters

(sccond bracket) cuan be evaluated and combined to give:

D

(1 + o + 'J'r)(l + o)

P T r 2

(2)
In this form, t1he cyuation is separated into a numerical constant
(first bracket), variables that may be changed but are fixed for any par-

ticular data run (second bracket), variables that are directly mecasurcd

(third bracket), and variables that must be inferred from other--frequency

spectrum--measuremenis (fourth bracket). An additional complication is
I p
2

introduced by the fact that &  is itsclf o function of N. “Thus, to deter-

mine the electron density, one musi first Know, or at least estimate, the

electron density. The solution of this problem is discussed later, As a

first step in the data analysis procedure, the density is computed by assun-

2
ing « =0 and T =1, giving what we call the raw clectron density,
T

-

i .mummmmwluunmn«ﬁnﬂmv‘h
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where

20
C = 0.475 % 10 = System constant.,
b=

To determine the electron density from Eq. (2) or (3) above, a
careful mecasurcment of the magnitude of the received power is required,
Alsc, since the received signal is at best only a few times larger than
the noise level, and at most ranges less than the noisce level, an accu-
rate subtraction of the receiver noisc level from the receiver output
containing both incoherent scatter signal and noise must be made, Further-
more, the receiving system gain changes as a function of temperature and is
periodically adjusted by the operator. The rececived noise power also
changes duc to (1) reception of signals from interfering radars, j
(2) rotation of i1he ceclestial sphere through the antenna beam, and

(3) variations in the gain of the receiving system parametric amplifiers.

To account for gain and noise¢ power changes, the rececived noise
level is continuously monitored and recorded. 7The noise level and the
signal-plus-noise level are calibrated by periodically injecting a noise 2
pulse of accurately known anmp -itude irto the receiver chain in front of
the first parametric amplifier. 7Jhis pulse is called the "calibrate
pulse,'" Figurc 1 shows how the detected reccived output as a function
of time would look on an idealized A-scope display if a squarc-law de-
tcctor were employed. The ordinatce is average received power, and :ho

abscissa is time within once interpulsc period. The following ceqguation ]

is used to determine the reccived power, P, at range R:
.
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FIGURE 1 RECEIVED POWER AS A FUNCTION OF TIME (RANGEL)
!
wvhere |
- . .th i
I' = 1the received power measured at the j range « 1
J
P = the rececived power measured at a range where no signal j
n . ]
is present ’ !
—_ i
P = the received power measured at ranges where the calibrate
c
pulse is present
Pk = the injected calibrate noise pulsce power = KYPH“
N\
B]) = the receiver noise bandwidth of the detected channel,

Bars over the quantities are used to indicate time average:.

incoherent scatter signal is noiselike, all measurcments must be

since the

done

statistically, i.e., quantitics must be measurcd and time averaged in

order to determine their magnitudes. Typically,

NSRS AN N
ture (Tk) of 700K is used for our measurements.

a noisc pulse tewmpera-

il bt

i

~

hdd

e il




The received powers (P, P, P ) are measured digitally by sampling

n' ¢
with an analog-to-digital converter (ADC) the lincarly detected received
signal voltage. Squaring of the voltages to obtain power and averaging

ol the power is done digitally in real time in a general purposce digital

computer,

At this point, a comment on the measurement of radar range, H, 1is
in order, Yor a hard radar target, and at a radar {reqguency well above
the plasma trequency of the ionosphere, where the group velocity is very
close to the velocity of light, the range can be measured by simply meas-

uring the time delay between the leading edge of the 1ransmitted pulse

and the leading edge of the target.  lor this situation,

where t is time delay, and the factor of 2 accounts tor the two-way
propagation path. Yor a "sott" (distributed) target such as the iono-
sphere or an ionized c¢loud, the returnced energy represents the convolu-
tion of the transmitted pulse with the target, A simple c¢alculation ifor
1his case shows that the range 1o the center of o distributed target
syvmmetlric in range is given by the time delay from the center of the
transmitted pulse to the center of the target,  Thus hq. (5) must be

modified for incoherent scattier measurcements to be

where T ois the transmitted puise length,




]

|

Yoo cun now summarize the power profile measurements as f21lows,
The received signal is linearly do@ectcd and sampled by an ADC at uni-
form intervals (3() or 60 ks for our systom) during the interpulse period.
The sampled voltages are fed into a computer where they are squarced to
give the ]‘J,'s; J is the index indicating the radar range at which the

sanple was taken.,  For cach j, the P 's from many consccutive interpulse

o

periods are averaged to give P 's. Then Poand P oare calculated by
J d 1

's over the range intervals where the calibrate pulsc

averaging the P
J
is injected and over the intervals where no incoherent scatter signal
exists, respectively. Next, the P 's for cach j are computed, according
T
to kg, (4). Yrom the P 's and R's calculated as indicated by kg. (G),
T

. ./ . . . . "
the raw density N dis calculated by using Eg. (d). Then, when the tew-
peratures, 1T and T, , have been determined (discussul in the next scction),

C i

the true density can be calculated by

Xo= N1 s &)1 + a7 )/ . (7)

The terms in parentheses indicate how the scattering cross sccetion changes
2
with changes in @ and T .
¥

This methoe assumes that one has very accurate knowledge of the radar

system parameters that go into the system constant, € , and that thesc
S

paramcters do not change or are contiunously measurable during the course
ol a data run and from day to day and month to month., 1In practice, we
have found it is casicr and more accurate to obtain the shape of the

density profile as discussed above but to normalize the maximum density

to the density indicated by measuring f F2 with an ionosonde.
o

10 ’
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B, Temperature Measurcements

1. Background

The specetrum of the incoherent backscatter signal is of great
importance because it contains all the intormation on c¢lectron and ion
temperatures.  These temperatures are of interest in themsclves, and
they are also necessary for proper computation of clectron density pro-

files [Eq. (2)7.

¥igure 2 shows the spectrum (thut is, the returned power per
unit bandwidth plotted as a function of Doppler shilt) of the incoherent
scatter signal for a transmitted freqguency of 1290 MHz, The hall spece-
trum is shown here, with the totai spectrum being symmetric around zoro
Doppler shift in the abscence of jonospheric drifits or currcents. Also
shown in this figure arc the effeccts on the spectrum shape of various
clectron-to-ion temperaturce ratios, '1’1_. As 'l‘r increases, the "wing"
of the spectrum becomes more pronounced.  Therefore, a practical way of
estimating Tr is by measuring the ratio of power (wing)/power {center

irequency ).

RCLATIVE POWER

FREQUENCY — k Hz

FIGURE 2 CALCULATED INCOHERENT-SCATTER IONIC SPECTRA
kD - 0, 0' IONS, T, = 825 K, T,/T, VARYING
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The dion temperatare can also be deduced from the measurced spouira,

J172.

The total spectral width is approximately proportional to [('I + 'li) 2
o

Figure 3 shogs the cftect on the spectrun of increasing 1, while keoeping
i
T fixed. Thus by measuring two parameters ol the spectran, say poeak-to-
v
valley ratic and width, one can theorcetically solve for the tso guantitics

o! interest, 1 and T .
C 1

o
[&]

o
N
|

_—l
@
~n
w
]
x

7.:1000 oK |
i

o

ROLATIVE PCWER

FRLQUENCY ——— kM2

FICURE 3 CALCULATED INCOHERENT-SCATTLR IONIC
SPECIRA KD - 0, 0° HONS, 1 /T, = 20, T,
V'ARYING

In practice, and particularly at our 28-cwm wavelengti, an

additional compiication arises.  The ratio (o) ot the Debye length,
12

p = Lit)(’lo/xj ' ], 1o the operating wavelength attiects the shape of
the spectrum as well as the backscatter cross scetion, as discussed
carlicr,  Figure 4 shows the clfect on the spectrun of changing a by
varying N but lceaving the don and clectron tomperatuvres unchangued.
Notice that both the bandwidth and the peak-te-valley ratio ol tlhe
spoectrum are affected,  The effect on the scattering cross section can
also be seenn,  Since the cross sccetion is proportional to the arca uuder

the spectrum, as & increases, 1the cross section ¢can be seen to decereasce.

12
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T, = 800O°K

; T /T =2
0.3 - —]

o a z0.15(N=10"el/m3) |

RELATIVE POWER
o
)

¢c=047(N=10"el/m®)

o 1 ! 1 .
0 5 10 15 20 25
FREQUENCY —— kH2

FIGURE 4 CALCULATED INCOHERENT-SCATTER I0NIC
SPECTRA 0'IONS T, = 800 K, T/T, = 2, kD
\ VARYING
At this point we can summarize by listing the three physical

quantitics that affect the shape of the incoherent scatter spectra:

N . . . . ~ -
(1) clectron temperature; (2) ion temperature; and (d) ciectron density.

11 one of these quantities is known, the other two can be deduced, but

because of their complex interrelationships, all three cannot be ox-
perimentally deduced 1rom spectrum wmeasurcments alone.  Yor example,
the change in the spectrum shape due to changing N in Figure 4 can be
N e 3 S v AN

N I R T FE T TS B TP e cebiicanis i ey save Y oae vy ) N O P ~ 1. L .
Llubvl) \’uq:};\_‘xiv\'d [SAY Lhun;.;A,n;; QIitLy 1 alia 11 whilc loc VINE N tixed.

2. Instrumental BEffccts

'roper measurement and analysis of the spectra is necessary
1or correct interpretation of ionospheric densitiecs ond temperatures.
Two principal tactors complicate the measurement: (1, the signal-to-

noise ratio is low--very often less than unity:; and (2) the nmecasuring
A R 128
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system itsclf (transmitter, rcceiver, and digital processor) distorts
the spectrum,  Low signal-to-noise ratios limit the accuracy and height
regime over which measurements can be made and lead to the use of rela-
tively long integration times (minutes to tens of minutes). The cffects
of the meusuring system on the specetrum can be calculated and then cor-
rceeted for in processing the data,  However, the measuvrement accuracy

is somewhat reduced, since, as will be pointed out later, the equip-
mental cffects are such as Lo make the inferred parameicers TC andd Ti
more sensitive to crrors in specetral shoape determination,

Let us now briefly discuss the ceffects of the measuring instru-
ment (u pulscd radar system) on the measurement. In the discussion we
make use of the fact that multiplicatzon of two functicns in the tiﬂo
(frequency) domain is cquivalent 1o convolution of their Fourier trans-
forms in 1ihe Irequency (Limu) domain, letl us represent the power spec-
trum of density fluctuations in the ionospheric plasma by s(1), where
1 is the boppler shift freguency, 4dhis is the incoherent scatter spec-
trum that would result if ihe measuring cquipment did net perturhb the
signal,  [1he cquitions for caleulating S(5) have been given in a pre-
vious rcpurt,u and Yigures 2, 3, and 4 arc some represcentative plots
of S(§) ve. 1.) dhe quantity H(J) is 1the spectirum that would resulti from

the scattering by the plasma of o spectrally pure CW signal,

Since o pulscd radar i usced for our measuremenis, which means
we transmit not o single 4regquency but a band of frequencics, the fluc-
tuation spectrum S(J) mwust he convolved wiih ithe power spectrum of the
transmitted pulse,  The resull of this convolution operation represents
the spectrum of the incoherent scatter signal ol the receiving antenna
terminals,  Nepresenting the power specetrum ol ihe transmitticed pulsc by

I'(1), the sipgnal, Hl(i ), present at the antenna terminals is
s (8) = s(1) r r(y) , (8)
where the anterink dndicates the convolution operation,

11
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ing scveral amplifiers, mixcers,

The signal Sl(i') then passes through the receiver chain, includ-

istics that affect the signal., Letting the frequency responsc curve of
the receiver chain be represented by B(f), the signal, s (1), after

passing through the reccivers, is related to Sl(i) by

s (1) = sl(i)n(f) . {9)

&

Next the signal is range-gaited 1o obtain spectra at a number of

). The range-gating process can ise

radar ranges (1onospheric neights
represented in the time domain by multiplication of the signal by the
gating waveform (a square pulse). This is equivaient in the frequency
domain to convolving S (1) with the Fouricr transform, G(f), of the

o

autocorrelation iunction of the squarce pulse., This operation gives

s,(1) * 6(1) , (19)

<

5,00)

where Sq(f) is the incoherent scatier spectrum, perturbed by the measur-

fe

ing instirument, which is measured by ihe radar sysicm.

The scquence of operations described above is indicated graphi-
cally in PFigure 5. Iqguivalent operations in both the time (autocorrela-
tion) domain and the frequency (power spectrum) domain are shown. Pass-
ing from onc side to the other of i1he dashed vertical line indicates

using the Tourier transtorm.

Figure 6 is an example of the effect on the spectrum of a finite

pulse length and a receiver range gate., Yor this figurc the receiver
bandpass has been assumed to be flat. Notice that the greatest change

ig in the peak-to-valley ratio, which is closely related to T /1T,. Also
e i

and filters which have bandpass character-
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FIGURE 6 CALCULATED INCOHERENT-SCATTER SPECTRA, SHOWING EFFECT
OF FINITE PULSE WIDTH AND RECEIVER RANGE GATING

changes in the peak-to-valley ratio for a given change in 7T /’l'_i arc not
C

as great, lcading to reduced ability to detect small changes in '}‘C/'l'i

and thus somewhat reduced accuracy. 1f the spectiral perturbations dis-

cussed in this sccetion were not altlowed for in the data processing and

analysie, one would underestimate 'l‘o/'l‘i and overestimate 'l‘i.

‘)
3. Interpretation for o = 0

As mentioned carlier, the parameters 1T , 7T, and N, as well as
)

Q i
ithe pulse length, 7T, and the range gate widtih, w, all affecct the shape

o1 the measured spectra, S,g(i‘). Throughout a data run T and w remain

S

fixed and can be accounted for in the computation of the theoretical

spectral shapes usced for comparison with measurement. Let us for the
9

moment assume that N is very large such that ¢ & 0 and sce how oue then

17
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2

interprets the data 1o ohtain 1™ and T.. Later we will show how smaller
’s] i
‘)
densities (larger @ ) arc accounte:d for in the interpretation of the

measurements,

One way o: c¢btaining 1 and 7T, from a measured specirum would
e i

be to precompute and store in a library in a computer a vast number of

13

theoretical spectra, for many values of ' and 'l . The spectra so com-
C i

puted and stored would include the perturhations due to ithe pulse length
and range gate. 7Then one could have the computer comparc the measured

spectrum with the library of computied spectira and, through some best-1it

—

prccedure, decide which combinntior

of & and T, beet matiched the data.
& i
This technique would require a considerably larger computer than we have

available with our radar system.

An alternative method, the onc actually uscd, requires much
less computer time and storage. 1t involves scaling two casily identi-
fiable features, the peab-to-valley ratio (PV) and the bandwidth (BW),
from ithe weasured spectra, and using what we call a spectirum scaling
chart to interpret thesce parameters in terms of T and Ti. This can be
done casily and quickly in our computiecr, Figurcs 7 through 10 show the
specirum scaling charts used for our system. They were prepared for the
four most commonly used combinations of pulsc width and range gate width:
T = 360 ps and w = 240, 300, 320, 400 Ms, IFrom any measurcd speclrum,
the computer delermines the peak-to-valley ratio (thc ratio of ihce power
at the peak of the spectrum to that at the centor frequency) and the bhand-
width (the {requency difference meuasurced from zero Doppler shift to the
frequency at which the spectral energy has fallen by 3 dB relative to the
peak energy). With these two values as abscissa and ordinate of the
scaling chart, the computer then determines, from the skewed grid, B and
’J'i; B is just ihe temperature ratio, 'J’c/’l'j, which is inferred under tihe

9
assumption & = 0,

18
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- )
4, Interpretation for o« < 1,

Now let us relax the restiriction we previously placed on N and

“ 9

ithus on & . We let N assume its proper value, and thus @ will be non-
2.
zero,  We require only @ N 1, This is a reasonable reqguirement and will
)

hold truc throughout most of the ionospherce. As & > 1, the character
of the spectra changes drastically, and the distinctive spectral features

disappear,

The terns in the cquation describing the incoherent scatter
2
speetrum are so arranged that the spectral shape depends on 2 in the
same way that it depends on T 71 . Moorcroft’ showed it 1 is the true
¢ 1 r
valuce of the clectron=-to-ion temperature ratio and 5 the 1ictitious ratio
2

that would causce the same shaped spectrum if & were zero, then

o)
I
| =7

T = (14 02)6 (11)

: This can be gcen by examining the cquation for the backscatter spectrun,
. . . r R N ']c . .
From Vinal Report 2 Lp, 10, Eq. (]] 1=-13 1" we can write the denominator
ol 1the cquation for the backscatter spectrum.  (The numerator docs not
depend on T or ¥, only on T , and thus is not changed by changing T or
T i v

. ' YTrom tq. 117-13) and assuming singly charged ions so that |2 /74, =1
1 / o o I " ll ]

the denoninator, d, is

The 1erms indicated by dashes in parenthesces determine the frequency de-

pendence and arce not atieccted by R or . substituting hq. (11 in
v

Lq. <1'._’j’ weoget
d = {(1+2a7) 4 (1o )P -mmmv R C P - QU S 1))

23
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and then, collecting terms,

")

@ = (e is:-.--._l]2 . e”<---—-->{ L ()

Thus we can sce that the denominator has the same form for B
and d = 0 as it does tor the real 2 and 'll_. This will cnable us, in
data reduction, to use only one spectrum scaling chart {the chart for
& = 0, rather than scparate scaling charts depending on the local clectron
density at cach altitude,

o 0

The magnitude of the denowinator is incrcased by (1 1+ a7 )7,
thus reducing the total power in the spectrum by this same factor.  This
conclusion is veritied by inspecting the cquation for the scattering

Cross scction:

m _ 5 (15"

wheroe JO is the classical radar cross section of a single el.ctron
9 ) :

7
(= 10 ""w7). sSubstituting B(1 + a ) for T we get
.

a o}
O Q
a = — =
- 2 2.4 2 2.2 '
L1 + o« (2 4+ a7)82(1 + &) (1 +a ) (1 +F

o .
which again shows the scattered power reduced by the factor {1 + 27 )7,

l o s 5.
ol bl




Now we can define an iterative procedure to determine TC, Ti_
and N, given Tj, B, and NI, the raw density deduced from the power proiile
under the assumptions Tr =1, &2 = 0. The parameters ol interest are
interreloted in the tollowing ways:

(1) Ti and B are functions oif PV and BW as obtained from

the specetrum scaling chart for &« = 0,

(2) 1. = T, 1 = B(1 4+ o)1y, (17)
(3) o = 1122 x 10071 /N, (13)
( \ . [ 252 ‘1 { \
(40 N = [N(1 4 a1+ B2, (19)
The factor of 2 in bBg. (1) results from the assumption 1 =1, a = 0
7

- . ! " . . . .
uscd in calculating N . The processing procedure is as follows:

/
Givens Measured parameters N o, PV, and BW
Deduce: 8, T. {from spectrum scaling chart
i
)

Initially: o =0

Estimate: T frowm Yq. (17)
N from bqg. (19)

Calculute: o from Eg. (18)

0 )

Nexts Recalculate T4, N, and ¢, and iterate around
these three equations [(17), (18), and (19)]

until a consistent solution is obtaincd,

,

In practice, the iteration is continued until both 1T and N
/s
change by less than 1 percent. This usually takes less ihan five

iterations.

[N
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C. Assunptions, Interpolations, and Extrapolations

one assumption basic to the whole analysis procedure is that only
one species of fon, namely ()4, is presert in the ionospheric height
regime over which we are probing. This is probably a good assumption
over the hedght repdon where our radar is capable of making spectrum
measurcments (200 to 550 km), particularly at our midlatitude location
atl the present time near sunspot maximum,  The prescncee of other ions,

1 4 1 1
NO-or O at Jow altltudes and He or 1 at high altitudes, would not

significuntly chanpe the scattering cross scetion,  Thercfore, the power
profile weasurcment of raw density 3s not afrected.  However, significant
amounts (L0 percent) of other ions would markedly affccet the incoherent
scatter spectruwn,  The cffcet of multdple donje speclies has Hheen dis-
cussed by Moorcrolt,” Yor any single specices, the shape of the spectrum
yomiddng essentially unchanged, with the width of the spectrum beldng in-
versely proportijonal 1o the square root of the fon mass,  ror o mixturc
of 1ons, the spectral shape vow depends on the relative abundance of the

specles present, -

Qur askrumptlon ol only ().‘ ions bheldng present may under certoain con-
ditions lcad 1o crrors in the deduced temperature at both high and 1w
altitudes, AU the hipgh altitudes, 11 lTipghter dons were present, our ’11'
would he underes timated and our 'I5 would he overcostimated, AL low
alUdtuder, 31 pome hcavier fown wero prescat, we would apadn underestinato

I and alao underestimate ’11.
v

Anothey anpusptdon uned dn the dota processing 46 that no fonospheric
drlites opr currents are prepent, 10 drdfte or currents, or both, werc
proesent, they would coune nhid e or asynmetrles, or hoth, in the measurcd
ppectin,  In the procepeling procedurc, the sipectra are folded about thely
cehiter frequeney, and the two plden are avereped prior to the determina-

tion of peale-ta valley yollo aud bandwidth,  tThin 40 done to fnercusce the .

Al '

e




N

signal-io-noise ratio and thus improve measurcment accuracy. Butl this
proccdure masks any shifis or asymmetrics that might be present. At-
tempils have been made to detect these drifis and currents., No currents

(spectral asymmetrics) have been found. sSmall drifts (spectral shitts)

e et A At O A DAY

have bheen found, ‘These shifts, when they are present, arc of the order
of 100 to 300 Hz (11.5 to 34.5 wm/s). Their effects on the temperatures i
inferred, assuming zero drifi, arc very small, The measured bandwidth

is not changed, butl the measured peak-to-valley ratio is slightly under-

cstimated, leading to slight underestimates of Tr and overestimates of

1j. The errors in inferred temperaturce introduced by doifts of 20 w/s

are Jess than & perennt.,

Spectral wmeasurcements are performed only at cight discrete heights—-

generally 200, 250, 300, 350, 400, 450, 500, and 550 km--while raw density

measurements are made cevery few kilometers betlween roughly 150 and 900 ka,
In order 1o calculate truc densitices belween altitudes at which spectra
(tewperatures) are available, the temperatures are lincarly interpolated

between the neasured data points.,  ‘Then, by using the interpolated tempera-

tures and the raw density, the true density cun bhe computed by using

Vgo (1),

Law denstty weasurements can be made Lo Jower altitudes than tem-
perature measuremcnts,  Sincee received power 35 measured cevery 4.5 ki
but the spectral wmeasurcment ds made within o relatively ~ong range gate
(46 1o 6O lan), 3t 45 common tor pround clutter to pollute the spoctral
meuastrewent whijle not polluting the row density measurcmes v, For cxawple,
11 pround ¢l atter exdsted out 1o o yange of 185 ki, the spectrum range
pitte centered ot 200 dan would include some pround cluttier, since it cx-
tonds from 182 to 208 Jan, But the power profile measwrencnt would bhe

froc ol pround cluatter for all ranpesn greater than 180 ke, The lowest :

bt Ak L

altitude (H’) at which temperatwres arc obtadned would e 250 km for

Tl

w7
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i
e Y - e ) : :
this case, and some means of extrapolating the temperaturces downward to " 2
185 km is nceded in order to obtain true densities from raw densitices %
over the range 185 to 250 km, The method employed makes usc of the ’ '§

assumption that t1he ion and neutral temperatures are equal below RI.

i

. . . . 9,10 .

There is good theoretical evidence®’ that this must be the case at
least up to 250 xm, The variation of ncutral, and thus ion, temperature
was assumed Lo be of the form adopted in the CIRA 1965 model atmosphere,

T = '1'.(1<L) - [71.(130)] exp [-s(n - 130)] , (20)
1 1

where T (120 km) is taken to bLe 550 K, and the exponent, s, is given the
i

value 0.028.

Below RI an assumned form for T as a function of altitude is also
r

4

‘ . . 11, . "

necded. The assumption, backed by evidence,” "that T = 1 at 130 km and

below is used, and 1 1s linecarly interpolated between its value at R .
r

4

and the valuce 1 at 130 km by using Eq. (21),

h - 130
T = 1 T (R -1.0j|——— 21
* [ r< L) J {:R ] ( )

- 130
L 3

Using these extrapolated values for 1 and T, T can be computed and the
r i e

truc density then found through Eg. (7).

Al high altitudes (h > 500 km or so) another extrapolation of tem-
peratures is necessary, since low signal-to-noise ratios limit the upper
altitudes at which spectral measurcements can be made before they limit
the power profile measurements. The topside extrapolation is based on the
assumptjon that 1 is essentinlly isothermal above the highest altitude

C

(l(U), at which spectra are obtained, usually about 500 km., 'This is to

be theoretically cxpected in the absence of major heat sources at or )

28 .
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above these altitudes and because of the high thermal conductivity of
the gas, An additional assumption usced is that 'l‘r varics lincarly from
its measured value at “L' to 1.0 at h = 800 km and that it is ecqual 1o
unity above B00 km, Thus the temperature extrapolations at altitudes
above which usable spectra are available are summarized by the following

cquations:

T l - rl ]y l > R ..2.1)
L,‘( )) L‘( \U> 1 \[_ ( )
h - I(U
4B - " )y \ r _ 3y —_— . ) ~ - . ‘33\
1]_(11) lr(l\U' + [1 Jr( I\U)-_\ STy P B 800 (23)
]
'1‘1‘(11) = 1 L > 500 (z4a)
T (h) = 7T (h)/T (h) , (25)
1 Q¢ by

where I{U is the uppermost altitude at which temperatures are measured,
and all altitudes . re in kilometers, With these extrapolated tempera-
tures, the raw density given by the power profile mcasurement is then

corrccted by using Lg. (7) to obtain true density.

3
3
3
H

el iy

b i IO bkt




PRECEDING PAGE BLANK-NOT FILMED

I1T HARDWARE

The DASA Project 617 radar used for the incoherent scatticer measurc-
ments consists of a number of basice subsystems; the major subsystems arve:
(]) transmitter and waveguide, (2\/ antenna and feed, (3) recelivers,

(14) calibration cquiprent, (")) annlog-to-digital conversion, ((3} digital
autocorrelator, and (7) computer.  Scveral modifications and additions
have been made to the systen during the past year. This sccetion desceribes
the new cquipments and the new configurations of cexisting cquipments in-

plemented during the past year. Table 1 reviews the radar system

parameters.

A. Receiving and Calibration System

In order to mateh the final 117 frequency of the recceiver to the

digital autocorrelator sampling frequency, several changes have been made

in the receiv »-local oscillator chain. Figurc 11 is a block diagram o}
the receiver chain.  The signal, after reception by the antenna, passcs
through a directional coupler, duplexer, and sccond dircctional coupler
before entering the parametric amplifiers. The two dirccetional couplers
arc uscd to inscrt calibration signals as required. (The calibration
signals arc cousidered further 1:‘101'.) Two paramcetric omplificrs arc
cascaded in scries, resul ting in a 11()01\' systoem noise temperature, with
the pa amps operated atl room temperaturce (n()t coo]cd\). Al ter the paramps,
the power is split and travels down two mixcer-amplifier chains, once for
the normed on-freguency component of the incoherent scatter signal and
one for the "plusmu-linc” component, which rceturns from the ionospherce
frequency-shifted from the transmitted {requency by the plasma frequency,

Focusing on the normal channel (right-hand side of Figure 11), we sce

31
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Table 1

DASA RADAR SYSTEM PARAMETERS

PG Lo Adjustment Normal
Range Operation
Transmit lrequency 1280-1300 Az 1290 Mz
Transmit Powcer (peak) 0-35 MW 4 NW
Duty Cycle (max.) 3% 2.7%
Transmit Polarization RHC
neceive Polarization 1HC
Antenna Diameter 88 1t
Antenna Aperture 180 m")‘
Antenna Gain 47 .1 dB

System Noidsce Temperature 110°K
Pulse Length JO-500 s 360 us
Receiver Video Bandwidth 4-200 kliz 32 kile
Recciver 11 Bandwidth =10 MNilz H0 KNz

that the R signal at 1290 Mlz is mixed with 1320.425 MHz to obtain

an TV frequency of 30,125 Milz, which is then preamplificd. So far, all the
mixing and amplifying of the signal is oonce in thoe torque tube ol the an-
tenna, as ¢losce as possible to the antenna feed.  The 30.425-MHz 11 is
then sent from the torque tube to Lhe cqguipment van, where it is again
mixed, this time with a 30-MHes signal to obtaan a 425-Kilz 1. After
amplification, the signal splits into two channels.  One channel passces
through an adjustable bandwidth filter and i: thei Jincarly deteeted.
This channel, after analog-to-dipital conversion, supplics the power pro-
111c¢ data to the digital outocorrcelator, which passes 11 on 1o the com-
puter.  The sceond d25-kHz 11 channel 1= mixced with a 500-klz signal to
obtain a 7h-kHs 1)1 signal, which is amplificd, bandpass fi1ltered to a
bandwidth o 30 kllz, and sampled by another ADC.  This channcl is uscd
as inpul to the digital autocorrelator and carrics a)J1 the spectral in-

formation.
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Roeturning nos to the plasma line chain (loett-hand side of bagusrce 11,\, -
the power that was split off followinyy the paramps entoers a niaer.  The
nmixing frequency is scloected by the oporator so as to bhe offscet from *
1320125 MHz by thoe approximmate plasma frequency ol the Folayer.  The
outputl ol the mixer and the preamplificr following the mixcr is thus a
band o) {requencies with 1‘) centered at 30.425 Mz, where 1! is the plasma

¥
frequency . Aftor passing from the torque tube to the van, the signal 1s
amplificd and bandlimited to a 4-MHz bandwidth and mixed with 27,975 MHs
to obtmin a signal at 2.5 =2 2 MHz, which can then be video-tape recorded. !
i

All local oscillator freguencices, oxeoept the last one 1n ithe plasma
line chain, arc derived from froqueney synthesizers locked to a common
frequencey standard.  The clock pulsces usced by the digital autocorrelator

and the trigecrs for the ADCs arce derived trom the same frequencey standard.

Provisions for inscrting cither a pulsced CW calibration signal or a
pulscd norsc source calibration signal arve included in the recoiver sys-
tent. The €W calibration is provided by o signal gencerator located in the
van, which is continuously tunable in freguency and continuously adjust-

able in amplitude.  This signal is inscerted through a J0-dB dircctional

coupler immediatels following the antenna and is usced lor making fre-
guoney response, gain, and loss measurements throughout the receiver
system. It is not used for continuwous calibration of the system during
the course of a data run, since the signal generator 1requencey stability
is not suificient to keep it within the 50-klz band for more than a few

1tens of scceonds without constant retuning.

The pulsced noise source, inscrted through a 20-dB divectional coupler

in front of the paramps, 1s uscd to continuously calibrate and monitor

the receiving system performance during the course of a data run.  Fig-
ure 12 is a block diagram of the pulsed noisce calibration system.  The

: A o..
system uses a broadband ncon noise source (noisce temperature 18,000°K),
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digitally controlled diode switches, and calibrated attenuators to enable
any of four seclectable amplitudes of wideband pulsed noise to be injected
into the receiver chain., With this system, the four equivalent noise tem-
peratures thac¢ can be used arc 700, 350, 17.50, and 8.75°K, after taking

into account approximately 1 dB of loss introduced by ceach diode switch.

Attemuation commands and strobe are supplied by the computer. The
gate supplies pulsed nodulation of the injected noise once per interpulse
period.  The gating waveform is supplied by the radar synchronizer and
generated by counting down the density channel ADC trigger pulses to
ensure that it always occurs ir the same position during the interpulse
period. The countdown circuits are so arranged that the gating waveforn

always occurs during the last sixteen of vhe 192 samples taken by the ADC.

B. Analop-to-Digital Conversion Equipment

Two ADCs are used with the system, one to digitize the detected

video signal and onc to digitize the 75-kHz IF signal.

The density channel (detected video) data are digitized by an
Adcom 208C unipolar ADC. This unit is capable of digitization speeds up
to 100,000 samples per sccond and has 8-bit resolution; that is, the
signal is quantized into 256 discrete values. Sample triggers for it
arce generated in the Adcom computer interface and occur at either 30- or
60~-us intervals, sclcectable by the operator. The first sample trigger
occurs at an opcrator-selected delay past the leading edge of the trans-
mitted pulse; 192 samples are taken during each interpulse period,
Figure 13 shows the sample timing; DTE is the "delay time end," the time
at which the first sample is taken. Equation (26) may be used to calculate

the apparent radar range to the position of the first sample, with DN
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FIGURE 13  DENSITY CHANNEL SAMPLE TIMING

berng the number set rnto the thumbwheel swaitches used to count down

the delay:

DTE (km;, = 3.3 - 20 DN - 1 . (26,

During the last sixteen of the 192 samples, the pulsed noise calibration

s1gnal i1s present.  The sixteen samples in {ront of the calibration pulse
arce generally used to estimate the basceline noisce level, P . Digital
n 1

numbers produced by the ADC are fed into the XDS 930 computer after

routing through the digital autocorrelator chassis, which controls plac-

ing the numbers in computer memory .

The 75-kHz 1F signal is digitized by a Preston Scientific 8500 MS
ADC.  This unit is a 9-bit bipolar (2's complement) converter capable ot
operating at a maximum speed of 250 kHlz. The most significant 8 bits of
cach =sample are passed on to the digital autocorrelator, which uses them
in its autocorrelation computation. Triggers for the Preston ADC are
generated by the autocorrelator. Figure 1.1 shows the IF channel sample
timing for a typical operating setup. Nine bursts of samples are taken,

e1ght at ranges where the incoherent scatter signal is present and onc

at a range where no signal, only receiver noise, is present.  Each burst
. . a0 ; ] o .
consists ol 21 (or 32, samples spaced by 10 us {(or 12). The delays

- R1, RN, and iZr are determined by one-shot mul tivibrators which the
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FIGURE 14 IF CHANNEL SAMPLE TIMING

opcerator may adjust as requirced.  The bhurst of samples centered at Rl
is uscd by the autocorrelator to produce the autocorrelation cocofficients
for range R1, which arce then passed on to the XDS 930 computer, and

similarly for the other cight sample bhursts,

C. Digital Autocorrelator

1. Introduction

As part of the processing of incoherent scatitery doia, it 1e
necessary to determine the autocorrcelation function (or cquivalently,
the spectrum: of the recerved radar signal in order to obtain ionosphe ric
clectron and ion temperaturces. To measure tnesc temperatures as o func-

tion of altitude, the correlation function must be measurced at o number

ol radar ranges.
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Scveral alternatives fos measuring the correlation function or
speetrum arc possible. A bank of analog filters and integrators could
be implenented, into which the range-gated roceived signal could be played.
This appronch has soveral didadvantapes: (1) Construction of such o 1il-
ter bank 18 expensive; (2) achiceving ddentleal transfor characteristics
for cnch filter in the bhauk 18 diffieult; (3) szhieving fdentical gains
in cach filter=inteprator chinnel §5 almost impossible; and (4) compensa
ting for nonldenticnl filter charactertstics and uncqual gains in the

post=Li1tering processing of the data 48 tedious aml expensive,

A sinple Jixed-frequeney analog f1lter could he used, and hot-
crodyning technique coula be used for successtive analysis ol cnch fre-
gucncey in the received sipnal through the sane fi1ter. This approach hns
soeve,al dinndvantoapes, stomming frowm the requirement of ranges=goting the
recelved shpnnl and also Jrom the desdre to mdndmize Lthe measurcement 1 ime

by weasuring many froeguency components sl tancounly

Auother porsible technigue i to sample the recedved sipgnnl
with on ADC and thoen perform the autocorrelutjon celeulation fn o gonernl
purpose dipdtal compuiter The peiredpnd disadvantase ol this technigue
1< that o Forpe omount ol cowpiter Uine s consumed $n the coleulation,
moking 1t Swpossible o process the datn from more than o vory fow range
pates 10 dosl Clhines Tl thee dpto Jrom mevoral ronge gotes must 11rst
boe roecorded on dipttal tape and then processed Jater,  This techntgue by
bhoeen uped with the Projoect 6917 padar duringe the parst iwo yenres, hat ihreo
thmen neoaceh computer tiwe worne rogul, od to process the dotin o 1o record

them,

Ivrdny the past year, o pita) Adiocorrelotor wons desfpned
ahd connl.oaeted. Fhis devicee bs onpentbully o speciul -purpose computey
thot enlculaton the nmtocoryolation funetiong ot ninhe raonpe pntosw in rond

Cime and porkcr Che covpolption covliietents 1o the onsbine compater for
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integration and

recording,

The recorded data can then be processed

very (uickly (faster than real time), since the bulk of the computations

have alrcady been done in real time by the Digital Autocorrelator,

A block diagram of the incoherent scatter processing system is

shown in Fipure 15,
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(wwiteh redectable) 3a taken, ond 41 or 32 autocorrclation coctftelonts
wre penerplted ound dnputted to the Xbbo 930 computer through $ta Memory
Potertace Conne tor,  Within Tess than 20 us after the hurst ol siplos
has bheen koo, o new barst can b ptarted,  Smaplbing of the 11 channed,
computation of the corpedation cocffichonten, ml outputtingg ol dota to

the computer may ol toahe place st taneounly,

The gt tal Autocorrelatar, an tmploemented, performs sevornl
ndditionn) functiops, oaeeoepts sampled doto from the ADCOM 8-bit

undpolur ADC and controls the poesing noof these dota to the computer's

11

el ARG AN

5
1
3




Memory Interface Connector, The ADCOM ADC samples the receiver's detected
video signal, which is used to generate clcectron density profiles. The
sampling of the detected video channel is asynchronous with the sampling

of the 1F channel .

The corrclator also receives several synchronizing signals from
the radar system and pencrates appropriate interrupts for the computer to

allow the computer's real-time propgram to stay in synchronization,

bhata are entered into the computer throuph its Memory Interface

Connccetor. This 15 cessentially o divect path to memory and anllows data

1o be stored in pemory without propgram control . A single computer cych
in "stolen”™ from the running program for cach data word placed in memory
by the correlator. The corrclator controls the saputting of Loth corrcla-
tion coclitclonts and sompled video data to the computer by poncrating

appropriate computer memory addresscs and control siphals,

For our application, the correloator is normnlly so sct oup that
nine hursts (roanpe pates) ol autocorrelation channel samples are taken in
cuach Juterpulse period, The fSirat burst s contored at oo nominal rauge
b 200 b, and the next seven bursts are taken ot H0-km intoervals out to
O00 Taw, the ninth burst 50 unanlly postitioned at o ranpe prenter than
1000 Jau, where no )nceoheyrent sentter wipnnd de proesent,  This allovs the
autocorrelatlon tunction of the received nolne to be detormined wo thiod
the notee con e nubtroeted from the Jhrst edpht patos where hoth sipnnl

nnd nolne are proesent,

Ao an example o' the time savings nade poseible throuph the uno
of the correlator, the off=bine computer processing thut touk one
hour prdor to the amplereantation o) the corrceloior now takes about D min-
ter,  Thin represents an order ol mapnd tude savings In the cont of hoth
data 1reductiaon pervsonnel and compoter times Tt al o preagtly redoces the

the Tap between the runndny, ol an experbnent ond the avoarlabil ity of resu) ts,
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2, bescription

The prime function of the Digital Autocorrelator is to perform
certain computations on quantized signals representing radar returns,

The nature of the computations is such that they can be done by a general
purposc digital computer, but only very inefficiently with respect to the
time required, ‘The autocorrelator does thesce computations essentially in
real ¢ i ¢, releasing the computer for other calculations at which it is
more cfficient.

Consider a time-varying voltage, v(t), which represents a known
function of recceived sipnal amplitude un(l/ur phasce, At repgular intervals
this voltape §s sampled and guantized by an ADC.  The guantization 15 to
an 8-hit, signed, 2's complement binary number, end is done in bhursts ol
cither 24 or 42 samples,.  Fach burst rosults in oo pgroup or sequence of
numboers, v’, whore 1 raupes from Y to L, and I, 1s cither 24 or 32,

Each proup of v 's 15 treated as o separate sct of fnput data by the auto-

correlator and §U computes o set 1 ogutput numbors, Acﬂ, where

N () 's ﬂ A ], -
- ‘ ] 1)
’“’ﬁ, AT ~ 1 s . (27
11
o= 20 or 32

Tncladed o thie unit are cireudtry for catablishing delayys fron

s extevnally ruppliced synchronfzing sipnal to the bepinndng of cach jroup

ol sanples and for seleeting Loand the sampding snterval (whjuh mny o
chther 30 or 32,0 4n),
The computntion 16 done continuously, while sanples of o oporoup

arc hednp nceceptod and beocomplete within 10 us of recedpt of the 1okt

sample, The transfer ol the pesul te to the computer takes sliphtly Joss

41
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time than does the computation, and a new group may commence as soon as

ACO of the preceding group has been transferred.

The unit is designed to communicate with an XDS 930 computer
cquipped with Multiple Access to Memory (MAM) and Memory Interface Con-
nector (MIC, options. Certain control functions arce accepted from the
computer as well. A sceond data channel is built into the unit, so that
rav output from a sccond ADC can also be transferred to the computer,
Transfor is to specificd bhlocks of memory, and the two types of data are

stored in scparate scts of locations,

A b rict deseription of the operation ot the autocorrelator
follows, referencirag the Llock diapram, Figure 17, Eight=~bit parallel
dota frow the ADC are foed to the Input Register, an 8-hit-wide=hy-32-hit-
Tong shitt repister. Initially, the sepister is clearcd to all zerocs.
The first End-of-Conversion (FOC, pulse shitts the #-bit AbDC word into
the st rank of the repister,  The scecond FOC shifts the first word
down 1o the second vanh, at the same time that the current word 3= shifted
into the Lirst rank,  Subsequent FOC pulsces continue to shitt previous
words down the repistor and place the new word into the first rank,.  hach
rank ol the Input Repdoter i also connectod to a corresponding Arithmetic

Unit, for whieh the pepistor word sorves as o multiplicand,

The output ol the ADC g also fod to the Artthmetic Conirog)
Lopte,  The FOC pulse dets the ADC word Into g multiplicer repister in thas
aection,  Othep cfreultey an this nection, trippered by the LOC, provides
o soguence ol osipnadys which couce the Ardbthmetye Uimtes te form the producet
of the multiplicr ang the respective pultiplicand and (o add this to the

aecunulated sim ol previous products,

Foch of the 32 ydentieal Arithmetic Unites contaldns o 20-Lit
necumulntor which da o repaster eapable of berng cither shifted or Yoeded

fn parallels The parallel dnputs arve provided by o 20-Hit paralleil addey

M S A VA D R e

MR ~ e

LR )

AL O MWL 0 b B

et R A B

SL I S

T RE R

3

———

it ok st




Iy §§§-§§§§_§”§§.si,é:,.,a,__aigi, R VMBI | R PR TR AN R A T e e e e it | ot A R iaaﬂi,;;s;
AYHOVIQ XJ018 H0lv13dE0d01ny a3i3ldnis It EETIRIE
1
SHOLYINNNDDY 21901 SH3I.SIO3N
] §3CCQY NdNI
% v le—— 2L le—— €S
_ r|IIIIIIIJ D .
i .llllx et v e —— 1€ s 1£S :
, ' LI S, 1III|IIIIJ
H 4 TOHLINOD -— .‘I|I||l, e
| — p—a = —
i a3 | TouiNod 1ndino c . — . _ — . —
: <
i - 9 - - - . - -
il O oo . - - - - -
) o o = : - A - . -
z h mBel . X : X |- :
04 x r . .. . : . | -
S ¥3181938 | m i . * ! - . .
< b o) I d - —_— -
o 2Ndino < | et - =
'l|||||ll|||4 O R ——— D -
ﬂqﬁ____ﬁh - 2 v O 23 | ———— 2S
L viva !L”THA. — 13 @ ' 15
ﬁ ﬁ ﬂ iNaNl
h\ —1 vive
' — aiqtulw

ONINIL
TNY %20

T
prre e oty e e L



network, which forms the sum of the accumulator contents and the multi-
plicand. Multiplication is done by an alternating sequence of adding
into the accumulator followed by shifting the accumulator onc bit. The
adding is conditional on the state of low-order bits in the multiplier
repister.  The result of sucl a multiply sequence is to form the product
of the current mul tiplicr and multiplicand ard add it to the number ore-

viously held in the accumul ator,

Before any computation starts, all accumulators contain zcorocs.

After the first multiply sequence, the f1rst accumul ator contains the

‘)

product of the first ADC word multiplicd by itsce:t, of v;. The remain-

: g, accuntlators are still zero, since all multiplicands cexcept the first

arc zero,  Atter the sccond mul tiply scquence, the first accecumulator con-
‘ . 2 2 .
‘, tains v, o4 vz, the coccond one contains ViVy, and the rest ar. nero.,
. ! 2 2 2
; After the third scquonce, the accumadators contain (v] + v? + v,‘).

(v] v, ot v')v,‘), (v] \-',‘). and the rest zeroes.  In other words, arithmetic

oporations produce
next in the first

moltiply scquence,

sipnificant results ot first in the firet accumulator,

two, then the first three, ote. After the 32nd, or last

the accumul ators contain the 32 AC, which are now yrceady
j’ -

for trimasfoer to the computer,

The Fnd Compute sapnal 1s pencerated ot this Lime to trigper the

accinul ator in order and do the tallowing,  First, the scrial ouvtput of the

b Output Control Lopre,. Here, control sipnals are gencerated that sclecet cach

noscries ol oshitt

accunulator as connected to the serial fnput of an output roepgister. Noext,

pilaes 3 applicd to the selected ocecumulator and to the

output repaster, so as to transfer the aceumulator contents to the output

% yopd=toer, At the
r

same time, the serjal fnput to the sccumulator is held

atoa Jopace sero Jevel, so thot zeroces are shyfted into the accumulator,

When the entire contents of e aecumul ooy have heen transferred to the

output repister, o Request stpnnl §s sent to the compueter.  The parallel

t outputs of the output repister are permanently connected, through line
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drivers, co the Ccomputer data inputs. When the computer recognizes the re-
quest, it starts a sequence of first reading the address and then the data
word. When the computer has accepted the data word, it sends back an acknowl-

edge signal, which triggers the sequence all over again for the next accumulator.

As has been pointed out, during an input-computation cycle, the
accumulators are broughi into significant use successively. Advantage
is taken of this to permit subsequent computation cycles to begin before
the contents of all the accumulators have been transferred to the com-
puter, A signal is provided to each Arithmetic Unit (A1 through A32>
by the Arithmetic Control Logic that positively inhibits arithmetic opera-
tion until such operation can produce nonzero results.  As a result, some
accumulators can retain their previously computed numbers, cven while new
numbers arce being formed in lower-numberced units.  The only limitations
arce: (]) that the subscquent computation cycle not start until accumulator
number one has been output and cleared and (2) that the computer accept
data at Tcast as fast as the ADC is sampled, The ADC sampling rate is
cither 100 or 83 kllz (or onc smaple cvery 10 or 12 us). The computer
wily accept words through the MIC at a rate of one word per menory cycle
(H70 kHz), but the Output Control will require time cguivalent to three
or four cycles to transfer cach word to the ouiput register.  Thus, an
output to the computer will take place at intervals of cither 7.0 or
B.70 us (1 or 5 memory cycles).  In cither case, this will be fast cnough

to stay ahead of the computation,

The avtocorrelator is packaped in a 5~1/4-ineh-hipgh stundard
ek mounting unit, A sceparate external power supply provides power 1o
the unit,  Standard TN intepgrated cireuit logic is employed, mounted on
40 lopic boards,  vipure I8 is o photograph of the unit with the top cover
romoved,  Fipure 19 shows the front pancl of the autocorrelator with the
operator controls.  The sample rate, number of sample bursts, and numbor

of samples per bhurst are sclectuble by using the front panel toggle
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switches. Potentiometers on the right~-hand side of the unit are used for .
adjusting thce delay to the first sample, delay between sanple bursts, and

delay to the noise burst., Also provided are a correlator reset button and '
indicator lights that show whether the correlator channel and/br the density

channel have been turned on by the computer., An operating handbook for the

Digital Autoco rrelator has been produced, which describes in detail the

operation and maintenance of the unit,

3. Programing Information 3

Since the correlator works in conjunction with the XDS 930 com-
putcery, certain computer commands were implemented that enable interchange

of information between correlator and computer.

Four System EOM commands arce uscd to control operation of the

correlator,  Thesce commands have the form

EOM 03400X (0 02 3400X) , : !

vhere the sipnifircance ol X is as follows:

N o= 0 Disablce both channels.
N o= 1 Fnable density channel, disable corrcelator,
N o= o bDisable density channel, cnable corrvelator

channcl.
N o= 4 Enable bhoth channels.

X = 1 throupgh 7 No c¢ffoct,

The FKOM is compl :tely decoded so that any other EOM will have

no cffect,  The computer Start button disables both channels,

Three sense outputs are provided so that the positions of the

three topgle switches can bhe determined with SKS commands,  ‘Two of thesc .
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are presently connected. The command codes used are:

SKS 030001
SKS 030020

Skip if 32 lags, no skip if 24,

Skip if 100-kHz sample rate, no skip if
83.3 kHz.

The remaining sense signal would produce a skip if set for one data

window, no skip for eight.

It is necessary for the on-line computer program to stay in

synchronrization with the radar. This is accomplished through the use of

priority interrupts.

The interrupts are listed in Table II below, by

location and in order of priority (highest first).

Table I1

PRIORITY INTERRUPT ALLOCATION

Interrupt .
. Time of Occurrence

Location

200 Data Pulse Sync

201 Delay Time End (first density

channel sample)

202 End Noise Group (correlator)

203 End each Data Group (correlator)

204 Track Pulse Sync

205 End ADCOM Data Transfer

Correlator output data are stored in Memory Locations 10000
through 104378. In the case of 24 lags, the final location is 10327 .

Density channel data are stored in Locations 104408 through 107378. The

8
8

two most significant digits of these addresses may be changed by moving

jumper wires on the MCTL cable plug module, which is installed in the
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computer at Location 11B. The format of the data words as they appear .

in memory is shown below,.

Correlator output word S = sign bit (0 = positive,
1 = negative)
X = magnitude bits, 2's
SSSESSXXXXXAXXXXXXXXXXXXX complement form
bit 0 4 23
ADCOM output word X = amplitude bits (unipolar)

0000XXXXXXXX000000000000

bit 0 4 11 23

2

D. Computer Interfacing Equipment

When the digital correlator was incorporated into the radar data
processing system, a uumber of other changes were made in the routing of
digital data and control signals amongst the various units of digital
equipment., Figure 20 is an interconnection diagram for these equipments,

and Table III lists the units and their functions.

As part of this year's contract, some additional pieces of computer
equipment were procured and installed; they are operating satisfactorily.

The items added to the XDS 930 computer system include the following:

(1) Memory Interface Connector option
(2) Multiple Access to Memory option
(3) Priority Interrupt control chassis
(4) Eight Priority Interrupts

(5) Arming feature for the Priority Interrupts.
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Table III

DIGITAL EQUIPMENTS FUNCTION LIST

Unit Functions
ADCOM Computer Interface (1) Controls XD5 930 computer inputs and outputs
through the PIN/POT channel
(2) Controls pulsed noise source calibrator
(3) Sets delay to first sompic for density channel
ADC
(1) Generates sample triggers for density channel
ADC
(5) Controls digital-to-analog converter and Analok
holding currents
(6) Provides external sense line inputs to computer
(7) Controls Digital Multiplexer
ADCOM Digital Multiplexer Gates 21-bit parallel data from any of six
selectable data sources to the computer inter-
face
ADCOM Digital-to-Analog Converts digital numbers to an analog voltage
Converter
Analok Circuits Holds the analog voltages supplied by tuae DAC
Analog-to-Digital (1) Digitizes detected radar signal
Converters (2) Digitizes IF radar signal
Digital Autocorrelator (1) Computes autocorrelation coefficients
(2) Controls transfer of data to the XDS 930 com-
puter through its Memory Interface channel
(3) Generates interrupt signals for the computer
(1) Generates status levels for input to the com-
puter interface
XDS 930 Computer (1) Provides on-line data processing and recording
capability
(2) Controls various portions of the radar system
(3) 1Is controlled by various portions of the radar
system
(1) Accepts data from various sources
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A number of nonstandard computer commands have been implemented to

cnable the computer to communicate with the external digital equipments,

These commands and their current functions are summarized in Table 1V,

Table 1V

COMPUTER COMMANDS

A kR A LA SR SRR

Input Channel

Sclect Commands

(Follow with PIN command)

EOM

EOM

EOM

EOM

EOM

EOM

31001

31002

31003

31004

31005

31006

Spare

BCH Azimuth (lowest 18 bits)

BCD units digit of Delay Thumbwheel Switch (Bits 2-5)
BCD eclevation (lowest 17 bits)

BCD tens and hundreds digits of Delay Thumbwheel
Switch (bits 2-6)

BCD Time of Day
Antenna Console Thumbwheel Switches~--BCD

Spare

Output Channel

Sclect Commands

(Follow with POT command)

EOM

EOM
EOM
EOM
EOM

EOM

32001

32002
32003
320041
32005

32006

Calibrate Code which controls noise source attenuator
settings (0, 1, 2, 3give 0-, 3-, 6-, 9-dB attenuation)

Spare
Sparve
Output to DAC and voltage held by Analok 4
Output to DAC and voltage held by Analok 5

Spare
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Table 1V {(Concluded)

Device Enablce
Commands

EOM 34001

EOM 34002

EOM 34003

EOM 34000

Enable density channel ADC input through MIC, disable

autocorrelator

Enable autocorrclator operation, disable density

ADC input
Enavle both above

Disable both above

Sensc Line

SKS 30040

Spare

Commands
Op Code Function No Skip Skip
SKS 30001 MNumber of lags in each
autocorrelator window 21 32
SKS 30002 Sample spacing for
density channel ADC 30 us 60 us
SKS 30001 Antenna Console Switch
read/not read push- DO NOT READ READ
button
SKS 30010 High-voltage status OFF ON
SKS 30020 Autocorrelator channel
sample spacing 12 us 10 us
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IV SOFTWARE

A large amount of new sof tware was developed during the rast year
in order to make use of the new hardware, provide more operator fcedback
during operation, implement the processing and analysis procedures de-~
scribed in Section 11, and specd up the entire data recording and proc-
essing procedurces. These objectives have been met, Two major computer
programs are dscd: one that runs on line in a real-time environment and
controls the data taking and rccording and one that is used off line to
analyze the recorded data and to plot and print out the experimentally

determined electron densitiecs and electron and ion temperatures, This

sect,on describes these two programs,

A, On-Line Program

1, Description

This program is intended for use in conjunction with the data-
taking facilities of the XDS 930 computer used by the Project 617 radar,
The computcr is presented with an externally clocked stream of input data

(independent of the computer CPU functioning) consisting of 192 amplitude

samples (power profile data) and 24 (or 32) lagged correlation cocfficients

from cach of nine autocorrclation gates (spectrul data)., These data are
input repetitively, once per radar interpulse period. 'The computer is

required to perform a2 running summation (squared sums for the amplitude
data) over successive radar interpulse perjods for each input number and

write the summations in formatted blocks on magnetic tape,

e




a. Amplitude Samples (Power Profile Data)

The amplitude data are presented to the computer as a
sequence of 192 8-bit unipolar ADC voltages (one sample per computer word,
Bits 4-11, in 192 sequential 24-bit computer words, from Address 10440g
to 10737g8). Each of these samples 8 squared and added to an accumulat-
ing bin at the corresponding range, After summation over some predeter-
mined number of these pulses has been completed, the data are formatted
and output onto digital tape (if desired), all the accumulating bins are

reset to zero, and the summation is repeated,

b. Autocorrelation Coefficients (Spectral Data)

The autucorrelation coefficients are presented to the
computer as nine groups of cither 24 or 32 points cach, read into scquen-
tial computer words (Bits 4-23) for a total of 9 ¥ 24 (9 x 32) 24-bit
computer words per radar sync pulse (Locations 100004 to 10437g). Each
of these groups of 24 (32) points represents a precomputed (by interface
hardware) autocorrelation function. These points are summed in 9 X 24
(9 X 32) accumilating bins, and after a predetermined number of pulses
the data are output onto tape (if desired), along with the amplitude data
that have been computed in & parallel fashion, After cach tape write,
the autocorrelation accumulating bins are reset to zero, and the summa-

tion is restarted,

C. Control of the Input Data ¥low

Six priority interrupts are employed to notify the program
of the completion of data transfers to the computer memory, Various sense
lines are used to inform the computer of input modes--24 or 32 spectral
samples per gate, 30- or 60-is sample interval for amplitude data, etc.

(see Table IV).
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d, Control of the Output Data

The output from the program is in the form of digital tape
records, one record per summation interval, FEach record contains hceader
information and double precision summations of all gates., Tape writing
on Magnetic Tape Unit 1 is controlled by Break Point 1 on the computer
console {sct: write tape; reset: do not write). The writing of file
marks on tape is controlled by Broak Point 4 (sct: write filce mark;
rescet:  omit file mark)., The use of these switches is desceribed in de-
tail below, A sccondary output from the program is in the form of type-
written error messoges and visual displayvs of the summation bins,; these

are also described in detail below,

C, Operating Modes

Two modes of operation can be initially sclected,  Upon
initiation of the program ot Location 01000, the typenut--—l!l’NUﬂ,
PLOT (1)--is made, If a zero is entered (terminated by a carriage re-
turn as with all typed input mussugos), the program branches to the
"run" mode of operation (described below)., If a one is typed in, the
program oenters o special "eheek™ mode of operation designed to check
individual records or magnetic tape which has glready been written, by
plotting these rocords on the CalComp plotter. This mode is simply a
convenience for on-the-spot checking of tapes without loading the anal-
ysis program, FEither mode asks the operator for the number of files he

wishes spaced forvard on MI! with the message "FILES FwD---."

1) Plot Mode, After positioning the tape to the desired file,

AR}

the program tvpes the message "PEN TO LH MARGIN, HIT RETURN, The oper-
ator then positions the plottey pen and types a carriage return, The
program next outputs the message "SAMP(0), AC(1), BOTH(2)---," asking

the operator whether he wishes i plot of the 192-point amplitude data,
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of the nine autocorrelaiion functions, or of both, After accepting a .

number (0, 1, or 2), the program reads one record from tape, draws the
desired plots, and repeats the message. This loop occurs repetitively
1]

until the program is restarted, at which time the "RUN(0), PLOT(1)-~-'

message is typed,

2)  Run Mode, Figure 21 is a simplified flow chart of the
run mode loop. The run mode initially executes a check loop, which en-
sures that MT1 is ready and positioned as required, Input parameters
are entered through the typewriter in response to typed messages. The
program then enables the interface logic and interrupts and goes into a
wait loop scquence while processing in errupts, The wait loop consists
of a visual display driver and a typewriter error message driver, Errors
arce flapged by the interrupt routines and typed out when required, 1If
no error flags are sct, the visual displauy is driven repetitively. De-

tails of this operation are described below,

f. Console Breakpoint Switches

At the end of each sequence of pulses over which a summa-
tion is performed, the computer formats the data for output onto tape and
interroguates BP1 to see whether tape output is desired. If BPl is set,
the data are output onto tap.. If BP1l is reset, no tape write occurs,
unless BP1 was resct during the current summation sequence. If that is
the case, the buffer is dumped onto tape, and no further buffers are out-
put until BP1l is again set. If BP4 is set, a file mark is written fol-
lowing the last data record, and the block counter (record numbers within
a file) is reset for the start of the next file, when and if it occurs.
An EOF message is typed, containring a file number, time, and date, Ii
BP1 is reset, no file mark is written, the block counter is left set,

and no message is typed., This enables the operator to maintain block
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continuity within files, even when it is not desired to have the blocks -

contiguous in time, Unless a change of input parameters is desired, it

should never by necessary to restart the program between records or be- *
tween files. Even when magnetic tape is not being written, the program

remains in synchronization with the external interrupts; summations con-

tinue to take place; and program functioning remains the same as though

tape were being written. When the first record in a new file has been
written, a message is typed giving the file number, time, and date,
thereby generating a series of messages defining file events by a se-
quence number, time, and date, If the program is restarted, the file
number counters are not reset unless MI1l is at the load point, thereby

é maintaining file sequence continuity when input parameters are to be
changed, An EOF should be written before restarting the program, since
the program initially expects to begin a new file upon startup. If this
is not done, a loss of file continuity in the typewritten messages will

result, since block numpbers will be reset within a file,

g. Program Monitoring

The operation of the program is monitored in two differ-

ent ways:

(1) Foreground and background typewriter messages that
allow the operator to determine the time and sequence
of events recorded on tape, as well as recording the
occurrence of possible timing errors. Foreground
messages also allow for the input of program param-
eters during the setup phase,

F (2) On-line visual monitorins of the data-taking/
computation process by means of ten selectable oscil-
loscope displays (the 192-point power profile data
and the nine autocorrelation gates).
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h, Typewriter Messages

Several types of messages are typed out during the running

of the program, Only the first type requires an operator response., The
various message types are listed below,
(1) Messages controlling the initial setup of the run

mode, Certain of these messages inform the operator
of error conditions in the initial setup for running:

L
.
0B 4 S A

e e 4 e

MT1 556 (set MT1 to 556 bpi)

MT1 FPT (no file ring on MT1) :

i otk

MT1 NOT RDY (MT1 not ready)

WRONG AC SAMPLE SIZE (progrcm size does not
match sample size of autocorrelation gates

(24 or 32) as controlled by autocorrelator

switch setting).

All these messages may be cleared by hitting a car-
riage return when the condition has been corrected.
The program repeats the typeouts untii it senses a

completely correct condition,

e g e

Another set of messages controlling the initial
setup requests the operator to iiput system param-

{ etei's, some of which are used tc control program :
operation and others of which are simply output onto
tape for use by the analysis program. These messages
are:

FILES FWD--- :

SYSTEM PRF(150)-

POWER (KW)--

PULSE WIDTH(MICROSECS)--
| CALIB CODE--

BANDWIDTH(KCS) -~

AC START RANGE(KMS)---

AC NOISE RANGE(KMS)-

63
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(2)

DATE (MO/DY/YR) - -
NO PULSES(PRF=75)--.

Responses to these messages (with the exception of
the date) should ccn~ist of numeric input only (0-9)
or a minus sign; they require termination by a car-
riage returrn. Any other character input results in
a repetition of th2 ressage, The date type-in is a
straight BCD inpu c¢. eight characters terminated by
a carriage retura, If more than eight characters
are input, the n:.ssage repcats. The FILES FWD---
message accepts ¢ ¢ker plus or minus numbers. A
minus one (-1} ped in, for example, backs the tape
up to the ncurec:s. file mark and then spaces forward
over the file r.rk. A plus one advances the tape
past the nex* file mark, If the tape is backed up
to the load pn. ~, the message

1.0AD POI! ,FILE CNTRS RESET

is typed, and ' mireol is returned to the FILES FWD---
message, Tae JET .M PRF(lSO)- message accepts only

even numbery ;o {ers to the total PRF, including
both data aid ‘*a:k pulses. If a PRF g¢reater than
150 is typed i , 4 warning message is typed out:

CAUTION: PRF NE 150; IF 60-MICKOSEC SAMPLE
GATE IS USED, AT LEAST 80 SAMPS MUST BE READ
IN BEFORE INT204 OCCURS--.

See §..1C2 interrupt descrip .4 thder Program Timing
for more detail on ti.s ssage,

Messages specifyving the beginning and end of files
written on digital tape:

hh:mm: ss mo/da/yr BOF xxX

hh:mm: ss mo/da/yr EOF xxx
These messages contain a BCD time of day as read from
the time-code generator, the BCD date as input during

setup (and possibly updated during running when the
date changes at 0000 hours Greenwich), and a
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(4)

three~digit number indicating the file sequence
number within a time (initially set by the FILES FWD---
message).

A message typed out during running whenever BP2 is
set, which gives the system noise temperature, TN,
as computed from the last complete record over which
summation occurred:

hh:mm: ss mo/da/yr TN=xxx K

This message again contains the date, timc of day,
and a three-digit temperature in degrees Kelvin.

Messages flagging the occurrence of run-time timing
errors or of various fail conditions:

hh: mm: ss mo/da/yr WRONG AC SAMPLE SI1ZE

hh:mm: ss mo/da/yr REC xxxx ,PULSExXXXXX,XX
AC18 INTS

hh:mm: ss mo/da/yr REC xxxx ,PULSExxxxx ,PREV
SAMP GATE UNFIN

hh:mm: ss mo/da/yr HVFAIL

hh:mm: ss mo/da/yr REC xxxx-MT1 NOT RDY

The first message can occur only when the ac-sample-
size switch on the interface box is inadvertently
changed during running. Since the memory layout is
different for the two possible sample sizes (24 or 32),
two separate program tapes are provided. This condi-
tion is therefore treated as an irrecoverable one and
results in a complete program restart, The file se-
quence counters are maintaincd, however, and the
digital tape may be repositioned to the nearest file
mark by typing in a minus one to the FILES FWD---
message., The second message flags the occurrence of
more than eight interrupts on INT203, the autocorre-
lation interrupt for the first eight (signal) range
gates., If this occurs, certain of the autocorrelation
gates may be processed before the values are actually
updated in the MIC data input area, The third mes-
sage flags the occurrence of an overlap in sample gate
computations, This is a recoverable error, provided
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it is not flagged on successive pulses. Tape record
numbers within the digital tape file are given for
each of these errors, along with the pulse number (of
the total number of pulses summed in any given tape
record) in which the error occurred, The fourth
message flags the occurrence of a high-voltage fail
in the transmitter., The computer types out the fail
and writes the partially completed record on tape

(if tape is being written). No file mark is written,
regardless of the state of BP4, For this error it is
assumed that when the err r is cleared the current
file continues to be written; hence, block-count con-
tinuity is maintained, A flag is set in the partially
summed record, and a true count of the number of
pulses summed over is recorded on tape. The HV fail
condition (tape-write inhibited) continues until BP1
is toggled reset-sct (or simply sct if tape write

was not in process when the HV fail occurred), If
the computer still senses an HV fail condition when
BP1 is toggled, the HV fail message is repecated and
the wait loop reentered. All background functions
and data processing remain active during the HV fail
period. The fifth message flags the occurrence of

an MT1l busy condition during an attempted tape write.
This condition is fully recoverable, provided the
tape has been set ready before the next summation
period ends, The background error messages and visual
display are suppressed, since the computer hangs up

in a tape-ready wait loop while processing input inter-
rupts. The message is not actually typed out until
after the condition has been corrected, since the
background loop is replaced by the tape-rcady loop.

The error is detectable by the lack of background
displays.

The messages are scquenced in such a way as to provide for

an orderly record of events typed in the sequence in which they occur

(typewriter speed being an obstacle to this if multiple flags are set).

All error messages are stacked to allow for the flagging of multiple

errors having the same message typeout (up to five per message).

The time

of day typed out with each message is the time at which the typewriter

message is typed out and not the exact time of occurrence of the error,
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i, Visual Monitoring

Visual monitoring of the data-taking process is executed
as a background function and is part of the wait loop (along with the
typewriter error mossuges) continually being executed while the program
awaits interrupts. Ten displays are possible in this loop: the 192-point
power profile or any of the nine autocorrclation gates., If the antenna-
console read-do-not-recad switch is off, the computer outputs only the
192-point « »litude data in the form of the current summation, If the
read-lo-not-read switch is on, the computer interrogates the antenna-
console thumbwheel switch, If the switch is set to C001,C002,C003,..,
C009, the computer displays the corresponding autocorrelation gate, At
any other sctting of the thumbwheel switch, the computer displays the

192 points of amplitude data.

Figures 22 and 23 arc photographs of the visual displays.
Figure 22 shows the averaged rececived power as a function of range after
about 40 seconds of integration, The F-layer rcturn is quite visible,
peaking at about 300 km, as is ground clutter between 140 and 160 km,
The 70°K noise pulse, which is injected for calibration purposes, can be
scen between 950 and 1000 km, This display enables the operator to con-
tinuously monitor the performance of the radar system while taking data.
The other display (Figure 23) that can be selected by the operator is a
presentation of the autocorrelator output for cach of the nine range
gates where the autocorrelation function is computed, This enables
operation of the digital autocorrclator to be monitored in real time
without interruption of the data taking. The visual display is always
active regardless of the crror state (HV fail) of the data-taking, un-
less the computer is hung up in a tape-not-rcady loop. Thus, by reset-
ting BP1 before starting a run, all the data processing functions can
be visually monitored, and data taking can be initiated by simply set-

ting BP1, Tapec block numbers are incremented only when tape is actually
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written, thercby maintaining block-count continuity within files. The
displays arc all representations of the current state of the summation
buffers and are reset along with these buffers at the end of cach summa-
tion period, Although tape writing at low summation numbers is not nor-
mally desirable, the displays may be run at summations of anywhere from
2 on up, It should be kept in mind, however, that the display loop is
subject to interrupt and that buffers may be updated in the middle of
the display sweep. This effect 1s not noticeable for larger summations
but is definitely noticeable over sums of only a few pulses. The visual
display is output in the form of an XY plot on the digital-to-analog
converter and Analok holding circuits. One anulok contains the signal
to be displayed and the other a sweep voltage to drive the X-axis of

the XY display.

2, Interrupt Processing

This section describes in detail the timing sequence in which
interrupts are processed in the run mode of cperation, Names enclosed

between dashes GSAMPGATE-) refer to labels in the program listing,
Six interrupte are processed, occurring as {ollows:

INT200 Data pulse sync (start of interpulsec period)
INT201 Start of 192-point sampling gate

INT202 End of Autocorrelation Gate 9

INT203 End(s) of Autocorrclation Gates 1 through 8
INT204 Track pulse sync (middle of interpulse period)

INT205 End of 192-point sampling gate,

The basic time frame is taken to be the 13,33-ms (PRF of 75) interval
between any two consecutive data pulse syncs, For 30-ps sample spacing,

Interrupts INT201 and INT205 are used to control processing of the
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192-point sample gate, and INT204 is ignored, For 60-us samplec spacing,

Interrupts INT204 and INT205 arc uscd, and INT201 is ignored,

Interrupt processing is such that, at any given time, onc of
three basic interrupt states cxists, with a "catch-up" timing transition
between the second and third states (formatting for tape write), These

states are as follows:

a, State I--Initialization

Lev zero or more time frames p s as defined by the count
number in -SYNCSKIP- [five frames skipped at start of processing to get
into sync, then two frames skipped for every tape write (end of summa-

tion)J:

INT200 BRM -LOADBLK2-
INT201 BRM -NOP201-
INT202 BRM -NOP202-
INT203 BRM -NOP203-
INT204 BRM =NOP201-

INT205 BRM -NOP205-
-LOADBLK2~- counts down -SYNCSKIP-, then loads State 11,

NOP201 ,NOP202 ,NOP203 ,NOP201 ,NOP2CG5 clecar their respective
interrupts and take no other action.

b, State II--Processing

Perform the required summations of the autocorrelation
gates and squaring-and-summing of the 192-point sample gate:
INT200 BRM -SYNC-
INT201 BRM -SAMPSTRT -
INT202 BRM ~ACGATE 9~

INT203 BRM -ACGATE18-
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INT204 BRM -SYNC2-

INT205 BRM -SAMPGATE -

=SYNC- checks current value of =-SYNCCNT- for -SYNCCT- =

=NXPRF - f(no. of sync pulses passed) = (no. of sync pulses
typed in) | and bumps ~SYNCCT- if not equal, If ecqual,
-SYNC- recads the current time, azimuth, and elevation codes
and loads State 11T,

-SAMPSTRT- checks the 30- to 60-us interval sensc line,

If 60 us, no action is taken. If 30 ys, -SAMPSTRT- checks

tor completion of the previous sample-gate computation
(=SAMPFIAG= = Q). It =SAMPFIAG- = =1, =SAMPGATE- (INTZ205)
has not finished processing the previous 192 samples, and
an crror is flagped,

~ACGATEY- chce¢ceks for more than cight interrupts on INT203

(—ACGATElﬁw) and flags an crror if -ACCOUNT- > 8; if

~ACCOUNT~ = &, computation of all remaining autocorrcla-
tion gates is completed., It also checks for -SYNCONT- =
~NXPRF- and formats for output,

=ACGATEL18- computes one autocorrelation gate (21 or 32 values)
corresponding to current value of ~ACCOUNT- and bumps
-ACCOUNT~- by 1.

-SYNC2- checks 30- to 60-ps interval sensc line, If 30 us,

no action is taken, If 60 ys, -SYNC2- checks -SAMPFLAG-

for completion of the previous sample gate and initiates
background (to the autocorrelation interrupts) computation
of the first 80 samples [minimum number of samples if sample
gate ends at next autecorrelation sync pulse =

{192 x 60 - 13333/2)/60 =~ 80].

-SAMPGATE- complctes (or begins) computation of the 192~

point sample gate., I1f the sample interval is 30 us, all
192 samples must be computed beforc the next -SAMPSTRT-
interrupt., If the sample interval is 60 ps, the last

192 - 80 = 112 samples must be computed before the next
-SYNC2- interrupt. Sincce -SAMPGATE- is of lower priority
than ~SYNC2-, computation of the last 112 samples cannot
begin until the first 80 have been completed. Also,
-SYNC2- and -SAMPSTRT- can interrupt -SAMPGATE- and thereby
detect if processing of the previous frame has not been
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completed iu time. Upon completion, -SAMPGATE- checks
for -SYNCCI'T- = -NXPRF- and initiates formatting for tape
output if yes, ~SAMPGATE- remains active into State III
if tape formatting is taking place.

State III--End Processing, Start Cutput

Y
(o]

Complete processing in current time frame; format for tape

output while skipping two time frames (13.33 ms):

SR b

OSSR SIS NS ST P S NI |

INT200 BRM -LOADBLK1~

N INT201 BRM -NOP201- ;
INT202 BRM ~-NOP202- %
INT203 BRM -NOP203- 4
INT204 BRM -NOP204- i

INT205 BRM ~SAMPGATE -

-LOADBLK1- (same as State I) counts down -SYNCSKIP- (lets
two time frames pass) and loads State II, E

-NOP201,NOP202 ,NOP203 ,NOP204~- clear their respective in-
. terrupts without taking any other action,

-SAMPGATE- is still active from State TI and waits for all
computation to be complete prior to formatting for tape
output, An error is flagged if MI1l is not ready. Tape
writec is initiated, range summing bins are zcroed out for
the next simmation, and -SYNCSKIP- is set to one so that
~LOADBLK2~ skips two frames before reloading State II.
This routine checks BP1 and BP4 and scts any flags ncces-
sary for filc start-stop messages., At completion,
-SAMPGATE~ loads BRM -NOP205-~ into ~INT205-,

SREUCESAARE Gt O N d s ) (BNt B

3. Miscellancous

The on-linc program was writien in METASYMBOL, the assombly g

language for the XDS 930 computer., It uscs approximately 6700 24-bit
words of core storage, including both program and data storage., Magnetic

tapes writton by this program arc uscd as input to the off-linc analysis

s RONAA e 88 .
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program described in Section IV-B, The format of the output tape is

shown in Table V, Each computer word shown in the table requires four
consecutive 6-bit characters on the output tape, The length of the tape
records depeunds on whether the 24-lag or the 32-lag autocorrelator option
has becn selected, as indicated by parentheses for the last four entries
in Table V., Recording is done in binary (odd parity) at a packing den-
sity of 556 bpi, resulting in record lengths of 6 inches (3344 characters)
or 7 inches (3920 characters). Standard 3/4-inch gaps separate records
on the output tape, For an on-line integration périod of 1 minute, a

2400-ft roll of computer tape lasts about 70 hr,

B, Off-Line Analysis Program

We have seen in the preceding scction (IV~A) that during an electron
backscatter radar run, two sets of data are preintegrated and recorded
on tape: the power samples, also called density samples, and the auto-
correlation coefficients, This section describes how the data are manip-
ulated in order to give, as a function of time and altitude, the electron

density and thc ion and electron temperatures,

The input data to this program, data which werc integrated over
relatively short time periods by the on~line program, are integrated over
a longer periecd of time, For cach of these second integration periods,
the program computcs the Fourier transform of the autocorrelation coef-
ficicents, thus giving the spectra at each altitude., It next computes a
raw electron density curve at the altitudes of the 192 power samples
("raw density" because it assumes that the Debye length is small compared
to the operating wavelcngth), The program also computes the ion and
clectron temperatures, which are then used to recalculate the density, to

greater accuracy, this time laking into account the nonzero value of «,
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Table V

MAGNETIC TAPE FORMAT

Word Number

Contents

o |

10
11-12
13

14

16
17
14
19
20

21-236
(21-305)
237-452

(309-596)
453-644
(597-788)

645-836
(789-980)

Record Sequence Number

Radar Pulse Repetition Frequency (75)

On-Linc Summation Interval (number of pulses)
Time of Day~-BCD codes from Clock

Antenna Azimuth--hundredths of degrees

Antenna Elevation-~hundredths of degrces

Peak Transmitted Power--kilowatts

Pulse Width--microseconds

Calibration Pulse Attenuation--0,3,6,9 dB
Receiver Bandwidth--kilohertz

Date--BCD codces

Delay Number~-from interface thumbwheel switch
Density Channel Sample Interval-~-30 or 60 us
Range to First Autocorreclator Gate--kilometers
Range Interval Between Gates--kilomecters
Number of Lags in Kach Gate--24 or 32
Correclator Channcl Sample Interval--10 or 12 us
High-Voltage TFail Flags 0, No Fail; 1, Fail

Range to Ninth Autocorrclator Gate--kilometers

Low-Order Words of 9 v 24 (9 X 32) Autocorrelation Coefficients
High-Order Words of 9 ¥ 24 (9 X 32) Autocorrclation Coefficients
Low~-Order Words of 192 Density Channel Summations

High-Order Words ol 192 Density Channcl Summations
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Figure 24 shows the main tasks of this off=-line software, The phys-
ical assumption and most of the mathematical formulas have been described
in Section 11 of this report. Details of the programming procedures fol-

low, including descriptions and explanations of each of the subroutines,

The computer used is an XDS 930, with a core memory of 16K 24-bit

words. Approximately 13,000 words of storage are required by the program.

The graphs are plotted during the computer run on a CalComp plotter,.

Most of the routines are coded in FORTRAN. Because of timing con-

siderations for the on-line program, the input tape is not in a FORTRAN

format. Therefore, the input subroutines are written in Machine Language.

The time required to analyze cach integration period is roughly
5-1/2 minutes. About 4 minutes of this time are used to draw and label
the final plot, where the true densities and the temperatures are pre-

sented,

1, Description of the Input Data

The da*a are inputted by three means.

a, Magnetic Input Tape

The on-line data-taking program, described previously,
generates the digital tape that is the input of this program (the tape

format has been given in Table V). Included on the tapc are:
(1) A header of 20 words
(2) Twenty-four or 32 autocorrelation coefficients in each
of nine range gates (eight gates where signal is present
and one containing noisc only; the eight signal gates

are usually Ar -~ 50 km apart, as shown in Figu{e 14).

(3) The 192 power samples,
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FIGURE 24
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Table VI

THE VARIABLES IN COMMON

Number

Name A Definition
of Words

D 192 Density samples

NUH 20 Header on output tape

(1) Last block number read in

PRF (Hz)
‘ Start time, BCD characters

Azimuth (degrees * 100)
Declination (degrees # 100)

Power (kW)

Calib code

Bandwidth (kHz)
I Date in BCD

)

)

)

)

)

)
(8) Pulsewidth (ps)

)

)

)

)

) Delay code

) Interval between density samples (us)
(15) First range--R, (km)

(16) Ar-interval between AC gates (km)
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Table VI (Concluded) ;
E
EY
2
Numb i
umber ,
Name Definition ;
of Words 1
(17) Number of AC samples (us) :
(18) Interval between AC samples (us) §
(19) f F2 (MHz * 100)
o
(20) Number of pulses integ:ated
24 8 Pcak-to-valley ratios
BW 8 Half-powar widths of spectra (kHz)
SN 8 Signal-to-noisec ratios of spcecctra
PC Calibrate level power
PN Noise 1lovel power
IB First index of density plot
IE Last index of density plot
MORE 6 Additional parameters, written on output tape

(1) Record number on output tape

I

‘ Last time, BCD characters %

max

)
$

)
)
(4) Cy # 1000, where Cp = [N(f_F2)IN
)
Blanksa

)

i
-
3
k3
E ]
E 3
E |
E ]
3
2
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b, Tvpewriter Input

For each integration time, the number of pulses, NP, on
which the integration is to be performed is typed in, and also the value

of the F-layer critical frequency, T F2, as measured by a ncarby ionosonde.
O

Optional input: The number of sample points to be included
in the calibration pulse and in the noise pulse and the value of SNMAX,
SNMAX is the lowest signal-to-noise ratio that a spectrum can have if it
is to be used to infer temperatures, These numbers arce asked for only

if Sense Switch 1 is sot,

C, Spectrun Scaling Chart

This chart (Figures 7 through 10) is on paper tape and is
read in just once duving a computer run, The ion temperature and the
temperature ratio are derived from this chart, as has been seen in

Section 11-B.,

For more detail on these various inputs, refer to the
descriptions of each subroutine which follow, The routines are described
in their calling order (soo the general flow chart, Figure 24). Most of
the variables are in common, and are listed with their definitions in

Table VI,
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2, MAIN Program

Subroutines called: ENTRE
POWER
MAD

NDescription, To make the program more versatile, the MAIN
program calls the major routines, instead of having them linked one to

the other, Its flow is a simple loop:

— | Add 1 to the output record count

!

Call ENTRE
i Call POWER
| Call MAD

- ]

When the computer run has ended, the operator branches to an

instruction which writes an end of file on the output tape. Then the

el Y0 0 A W10 i s A0 0 R AT NN S MBIV S R

program comes to a halt, which, once cleared, is followed by a REWIND

of the output tape,

3. Input Routine ENTRE

Arpgumonts: None
Colled by: MAIN

Routines called: STARTR
CONTR
UNPACK
INTEGRE
INTOF

SATOFF
SPECTRE
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Description. ENTRE is the routine that performs the input of

the recorded data to be analyzed, 1t reads an appropriate number of
records from the input tape, tests each of them for the presence of a
satellite (in which case it drops the record), and integrates thesc

data,

Let us now follow step by step the flow chart of the subroutine

«

(sce Figure 25),

a., Tape Ready Test

This i1s performed by a call to STARTR, a machine language

subroutine; the input tape has to be on Unit 3 and Density 556,

b, Input Tape Positioning

The first time in the program, one might want to start
the integration on a record somewhere in the middle of the input tape.
If Sense Switch 3 is set, the time to position the tape is asked for by
the message:  WANTED TIME., After the wanted time, WI, has been typed in,
tile input tape is read in until the tape time, which is decoded by the

Machine Language Routine UNPACK, is equal to or greater than WI, The

following message is then typed: READ TIME hh mm sss,

C. First Record Read

After the message, NUMBER OF PULSES, the operator types
in NP, the nunber ot pulses on which he wishes to perform the integration,
For a 15-minute integration period and a PRF of 75 per second, NP = G7500,
One minute is usually the integration period used during the on-line radar
ENTRE reads the first input record into the buffer IB and prints

4
all the header information (Words 1 through 20 of the input buffer), The

run,

reading routine, called CONTR, is an entry of STARTR. Then, the value
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CALL STARTHR

TAPE READY

TEST

Set

ASK FOR, & INPUT
“WANTED Tinme

—

READ NEXT RECORD
& UNPACK TIME

/TIME 2 WANTED

TIME ?

No

L TYPE TIME —I

SENSE SWITCH 3

?

Reset

NP = NP -
(= PULSES IN
INPUT RECORD)

No

NPR = NPR -
(= PULSES IN
INPUT RECORD)

!

[ INTEGRATE AC & o]

Yes

HIGH VOLTAGE
FAHLURE®

Yes

NPR 2 NP ?

ASK FOR, & INPUT
NPT

T -
LREAD FIRST RECORDj
R}

[_INITIALIZE. D. AC, FLAriJ

1

UNPACK TiIa
FiLL NUH ARRAY

¥

[ PRINT HEADER (NUHI |

L

READ NEXT

@

CONVERT AC & D
RECORD TO FLOATING POINT
& NORMALIZE B8Y NPR

1

UNPACK & PRINT

OUTPUT BUFFER

LAST TINME
& STORE IN

P I

CALL SPECTRE

FIGURE 26 ENTRE FLOW CHART
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of the ionosonde frequency f F2 is asked for (see MAD, for the use of
o

this parameter).

d, Input Recosrd Test

A flag T1B(981)71 is set by CONTR, to a negative number if

there was a read error, is set to a positive number if the record read

was an END OF FILE mark, or remains zero if the input record was properly

read,

The other test performed here is the search for satellites,
It was noticad that frequently the data for an entire 15-minute integra- F
tion period were spoiled by a satellite passing through one of the
( radar side lobes for a few seconds. This is why, before being integrated,

the power profile is screened by SATOFF, If there was a satellite, the

argument IBUMP returned by SATOFF is equal to the power sample index of
the beginning of the "bump" caused by the reflection on the satellite. .
If IBUMP is not zero, the data are not added to the accumulating buffer,

and a message giving the time and IBUMP is printed.

e, Integration

The autocorrelation coefficients and power samples have 3
bheen recorded as double precision integers, with the lower-order words

grouped together first, followed by the higher-order words (Table V).

After cach record has been read, the autocorrelation coefficients and

Al € b

power profile sample are accumulated in Arrays AC and D, by Machine

Language Subroutine INTEGRE,

} At the end of the integration period the accumulated
values, AC(Z,g) and D(j) are c<onverted into floa.ing point variables by

Routine INTOF, However, the integration is terminated if an end of
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file has been encountered in the input tape, or a high-voitage failure

in the transmitter occurred during the data collection period.

Vhere

&

The autocorrclation cocfficionts

1

In brief, when ENTRE has finished, Arrays D and AC contain

NP

D(4) = E}EE P (3) (28)
i=
NP

Ac(Le) = NiPZleci<z,g> , (29)
i=

range index
pulsce indox
lag number

ggate number,

array is the argument of Routine SPECTRE

which 18 c¢alled at this point to compute and plot the spectra,

by an intorfaco of

Satellite Dotection Routine SATOFF

Arguments: I3, IBUMP, 1IB is the rcad buffer array;
IBUMP is the index of the power sample
where the satollite, 1 any, was detected,

Called by: ENTRE

Routines called: ¥0S1 and IFFOS2

Deseription,  Since the analyzed data had of ten been spoiled

n satellite passing in one of the sidelobes during

the radar run, this subroutine was written to screen out the bad records,

-~
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POWER (dB)

As an example, Figure 26 shows the power, in decibels, plotted as a func-

tion of the range. Two satellites were detected during the integration
period, The low-altitude satellite spoiled the specctral data, and the
high~altitude onc gave a wrong noise level, The importance of not inte-

grating data containing satellite echoes is apparent,

4.0 I I I | 1 [ o [

/ GROUND CLUTTER

3.0 |— ﬁ —

20 |- _

——

CALIBRATE
PULSE
{ONOSPHE RE SATELLITES
1.0
0.0 |-
05 1 1 ! ]
0 100 200 300 400 500 600 700 800 900 1000

RANGE {(km)

FIGURE 26 POWER PLOT SHOWING SATELLITE ECHOES

A satellite echo is a square pulse, equal in length to the
transmitted pulse, With a typical pulse length of 360 ys and a sample

interval, Ad, of 30 ps, the number of samples in the echo is T/d = 12,

To screen out the satellite echoes, we first test whether a
detected bump in the power profile cncompasses eleven or twelve samples,
Since the satellite echo can be anywhere in the power profile, ve cannot
comparce the valuec of twelve samples to the ground level but must draw a
line Jjoining {wo power samples without satcllitc influence (Line A-B in

Figure 26).
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Starting at an altitude of 375 km, each sample D(j) is compared

with the preceding one; the difference,

DIF = D(j - 1) - D(3), (30)
is compared to S1G4
5 i - ;
R e o

A

(N is the number of pulses per input record, typically 4500).

If DIF is bigger than 50, the point is deemed aberrant. 1In
the case of a satellite, we can anticipate two of these aberrant points,
the first with a positive DIF, the second with a negative DIF, the dif-
ference in their indexes being 11 or 12, This is what is done in the

first part of the program (see Figure 27 for the flow chart).

This test was found not to be sufficiently refined, since re-

ceived signals from interfering radars frequently caused DIF to exceed 50

when no satellite was present., Consequently, a further test was intro~

duced: The equation of the line AB is computed:
y = aj+b (32)

and all the satellite echo samples must have an amplitudc greater than

aj + b + 5c. The last sixteen samples are treated differently, because

they represent the calibration pulse, When j = 177 (177 is the index of

the first calibration sample), the power D(j) is divided by the ratio PC/PN.

Then the sample is submitted to the above test procedure,

If the data do not satisfy this last condition, IBUMP is set

to zero again, and the remaining samples are screened., The samples in

DA S i o e a3
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the read-buffer array IB are not in a format suitable to FORTRAN, There-
fore, a Machine Language subroutine was written to convert a particular
power sample from the IB array into a floating point number, This con-

version is performed by Subroutines FOS1 and FO0S2,

5. Spectrum Routine SPECTRE

Argument: Ac(2,g)
Called by: ENTRE

Routines called: PTIRANS
PLOT

Description, It has already been said (Section III-B) that the
Fourier transform of the autocorrelation coefficients is the backscatcered
spectrum in which we are now interested and that from two parameters of
this spectrum--the pcak-to-valley ratio and the bandwidth--one can compute
the electron and ion temperatures. Hence, the three tasks of SPECTRE are:

(1) To compute the Fourier transforms of the nine autocorrela-
tion functions

(2) To draw the noise spectrum and the eight signal spectra.
These plots, in fact, are here only for diagnostic pur-
poses,

(3) To compute the PV and BW of the eight signal spectra,

The AC array is double-indexed: £ is the lag index (L = 0 to 23

or 31), and g is the gate index (g =1 to 9), with g = 9 corresponding to

the noise gate., The Fourier cosine transform is used:
L
s(f) = At ;{: AC(L,g) - cos (2mifAt) (33)
=0
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where

S is the energy at the frequency f,

At is the interval between two samples,

At limits our spectral definition: FF = 1/(2At) is the maximum

frequency we can resolve, Numerically, for At = 10 us, we have FF = 50 kHz.

The subroutine performing this Fourier transform is PTRANS, It

computes, for each frequency f,

L-1
S/(f) = Ac(0,g) + 2 :Z: AC(Z,g) . cos (2mfLAt)
£=1

(31)
+ AC(L,g) + cos (2mLAt) .

Figure 28 is a simplified flow chart cf this subroutine.

a. Noise Subtraction and Normalization

Each of these AC(4,g) contains both signal and noise., The
noise is subtracted and the coefficients are normalized to the zero-lag
coefficient. The normalization factor, AC(O,g) - AC{0,9), is the total

signal energy received in the g gate:

ac(L,g) - Ac(2,9)

AC(4,g) ~ a0(0.g) = AC(0,9) for g # 9 (35)
AC(L,g) b ﬁg(@ézg for g = 9 . (36)
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SET SCALE FACTORS
XSC = 25 kHz/INCH
YSC = 2.4/INCH

'

NORMALIZE NOISE GATE
CORRELATION COEFFICIENTS

1

TRANSFORM & PLOT
UNEOL DED NOISE SPECTRUM

—
g -1 B

—

o

EOMPUTE SIGNAL TO NOISE RATIO l

NORMALIZE CORRELATION
COEFFICIENTS

!

TRANSFORM & PLOT
FOLDED SIGNAL SPECTRUM

'

r DETERMINE PV AND BW ]

'

PRINT:
RANGE, SIGNAL TO NOISE,
SN IN dB, PV,
AND BW

4
o ]

RETURN

FIGURE 28 SPECTRE FLOW CHART
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POWER —

b,

spectrum S'/(f)

Bandpass Filter Correction

Since the filter shape is not a clear-cut battlement

is corrected for the shape of the noisc spectrum:

. (CF)
s(1) = s'(1) - noi se

noisce

This correction is done in Subroutine PTRANS,

C,

25 kHz/inch in

roisce plot is drawn first, with £ varving from 0 to FF,

Plots

Figure 29 is an cxample of the spectra., The scale i

the abscissa, and the ordinate is relative power, T

. the

S

he

As stated pre-

viously (Scction 1I-B), the scattercd spectra arce symmetric around zero

Doppler shifts, assuming the coffects of ionospheric drifts or currents

to be negligible., Thus, the signal is assumed to be symmetric and

around the center frequency, CF, which is related to the intermedia

frequency, I,

and to the maximum frequency, FEF, Ly

folded

te

CF = 2FF - IF (38)
NOISE 200 km 250 km 300 km 350 km 400 km 450 km 500 km 550 hm
( j 1 r\m 1
o CF FF 0 25 4] 25 0 —_— 25 0 25
4] 25 0 —— 2% 0 25 0 25

FREQUENCY — kHz

FIGURE 29 SAMPLE OUTPUT PLOTS OF SPECTRA
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Typically, CF = 25 kHz. The plots at the eight different ranges are the
"folded" spectra; that is, y = S{f) + S(2CF - f) is plotted against an

abscissa { between the center frequency and the maximum frequency.,

d, Pcak-to-Valley Ratio, Bandwidth, and Signal-

to-Noisc Ratio

During the computation of the spectrum S(f) the program

derives the peak=to-valley ratio,

PV = max
s(cr)

——~
[N}
re

-

——

and the bandwidth BW, the frequency at which the spectral power has
fallen to S /2. These two parameters cnable us to derive the ion.c¢
max
temperature T, and the temperature ratio I,
i
To determine whether our incoherent scatter spectrum is
1" 1 . e . . .
cood" cnough to give a value for T, and T , the signal-to-noisc ratio
i r

(SNR) is used:

SNR Signal + Noisc _ 1 - AC(0,¢) _
Noisc AC(0,9)

If the SNR excecds SNMAX (dcscribcd previously), the spectrum is considered

"good" and is used tu infer temperatures by Subroutine INTERP,

6. Power Profile and Raw Density Routine POWER

Argument: None
Called by: MAIN

Subroutine called: PLOT

Output: Power plot
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Description, POWER does two diffoerent things: 1t plots the

received power (in decibels) as a function of the range (in kilometers),

and it calculates a raw clectron density using Eq, (3).

Figure 26 is an example of the output, The plot scale is
2 dB/inch in the v axis and, in the x axis, 200 or 400 km/inch, depending

on whether the interval Ld between the samples is 30 or 60 us.

Figure 30 1s a simplified flow chart of this program, One sense
switch is used, If SSt is sct, the number of calibrate pulse sauples,
NC, and of noisc samples, NN, is asked for., 1If it is rescet, NC and NN
ve left unchanged,

a

i, Calibration
To measure the received power, a calibra:red noise level
is injected in the last sixteen density sanples.,  This calibration putse

temperature is

-CC/3
T = 70 « 2 / (degrees Kelvin) , (41)

where CC is the calibration code, NUH(9), 7The exponent CC/3 is the number

of 3-dB attenuators inscerted prior to injection of the noise pulse (soc
Section 11I-A), VYor €C =0, which is a typical value, 'l'K = 707, 'The
ohly other values CC can have are 3, 6, or 9, We thus have

, (12)

P = KI'B
K

K D

where P is the power injected in the calibration pulse, K is Boltzmann's

constunt, and BD is the receiver bandwidth,

To determine the value of the noise level, the program

averages the NN samples that arce just before the NC calibration samples,
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| GET PLOTTER SCALE muonﬂ

SENSE SWITCH 47

ASK f OR AND
ACCEPT NEW
NN & NC

L

Reset

1

[— COMPUTE PC & PN J
T
1
[— PRINT PC. PN, PC P4 J
r CALCULATE RO J

.

>

r X - RO+ (-1 C2 J
Y - 10 log,  (PUI PN J
[ PLOT Y v X j

r COMPUTE RAW DENSITY J

! FIGURE 30 POWER FLOW CHART
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Typically, NN is sixteen samp.e¢s, but during the night periods, when the
clectron density is very low, this number can be greater for more pre-
cision--32 or 40, During daytime, the electron dersity is sometimes so
high that, cven at the range of these last pulses, some signal is still

present, resulting in a computed noisc level that is too high,

In bricf, the values of PC and PN are given by

(43)

~
A
il
bz
cl““
o]
—~
=

§=192-NC+1

192-NC-1

PN = % Z r(j) . (11)

j=192-NC-NN

b. Power Plot

Along the Y coordinate, the quantity plotted is

v(j) = 10 log | fp(5)/pN] (aB) . (45)
The asnis is drawn at Y = -1 dB. The range along the X coordinatn is
x(3) = R +cC2(3 -1)  (km) (46)

where €C2 is the range interval between samples, and R, is the range of

0

the first sample, Here RO is given by

re
R, = 20 (D - 1) + 3.3 - jf (km) (47)
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where D is the delay code, T is tho pulsewidth, and ¢ 18 the velocity

of light,

C, Elcctron Density

In this routine (POWER) the raw clectron density is next

computed, By combining Eqs., (3), (4), (41), and (42) we arrive at the

Tollowing cquation for raw clectron density:

-C(
C K 70(2 /

. 2
‘)u (i) ~ PNIXC) .
D Cel/m’y (18)

7] (J ) = PTT (¢ - “i')N)

whore all the terms have previously been defined, For simplicity in the

program, all tho unchanging torms ovor an integration period are colleceted

A BBl 50414 4 AR 111 s MO A 0G0 N A SRS O PSS RN SR B S A

together intvo CON, whorce
(/3
¢ K 7002 i :
CON = . ' (19) i
b AC = PN)
and thus the raw donsgtty is
2 r 3 }
D(1) = CON « X(N™ « [P(J) - PN)(ed/m™) (50)
1 The next thing to do §4 to compute thoe truc clectron density, ;
| which 14 the purposo of thoe program coallod MAD,
|
v 07




7. Truc Density Routine MAD )
Argument: None
- Called by: MAIN
Routines called: INTERD
SORTIE
PLOT
ANNOT
Function called: CLI (performs a lincar intcrpolation) % )

Description,  After going through Subroutine POWER, the
array D contains the raw density, The values of PV and BW have pre-
viously been obtained from the spectra in Subroutine SPECTRE: thus we

¢an how compute a More Accurate Density (MAI)),

Al'ter first initiating the values of the parameters, MAD com-
L3

putes at cach spoctrum range ’l‘j, &, and ¢ . Then, Tollowing the procedurc

deseribed in Sceetions 1I-B-4 and II-C, it computes the true densities at
)
cach power sumple range and the true temperotures corrected for nonzero o ,

Lot us now sec in more detafil how these operations are performed, Fig-

AN i RO 31T S RO 5 SR ML A ol

ure 31 is the flow chart of MAD,

o

i, Initialization of Program

Two switches are used in this first part of the program;

(1) 10 881 4% scet, the value or SNMAX 18 asked for;
i1 1t 48 reset, the value 0,10 45 assumed (1 no
other value has been given pruviously).

(2) I 882 is set, the program pauses, then reads from
paper tape the specetrum scaling chart,  This has 1o
be dnputted only onec, the first time the program
is exocuted,

OR v
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W

TYPE IN
SNMAX

I

INPUT SPECTRUM
SCALING Ci!ART
FROM PAPER TAPE

L

SENSE SWITCH 2
?

Reset

A

RO = FIRST RANGE OF
DENSITY SAMPLES

!

=1
= RO

I
X =
K =1

No

'S

VNP = RAW DENSITY AT
RANGE OF Kth
SPECTRUM

1S Kth SPECTRUM
“GOOD"

L}
py

CALL INTERP:
DETERMINES T, & §
FROM PV AND BW

Y

ITERATE TO FIND:
N (TRUE DENSITY)
T, T, o2

A

PRINT:
RANGE, T,, T,, o2, 8

Y
| K- K+1 ]

K>87?

RETURN




]

WERE ALL

SPECTRA BAD
?

DETERMINE (B, INDEX OF
THE LOWEST ALTITUDE
WHERE N IS COMPUTED

'

DENMAX = O
K =1
I = 1B

[ RANGE = 15t SPECTRUM RANGEJ

-

S

o

A

L X =RO+{l-1)C2 l

[ RANGE = RANGE + ,_\d

'
L K=K+1 ‘]
|

L PRINT 1B, IE ]

L

T, INTERPOLATED
T BETWEEN
T MEASURED VALUES

ITERATE TO FIND O(i),
THE TRUE DENSITY

D(1)> DENMAX
?

DENMA D

HMAX = X

No

—

1>>1707?

—

Yes

WRITE TIME & DATE
ON POWER PLOT

FoF2 = 07

No

'

__{FoF2)?
f “"80.6 DENMAX

'

FOR | = 1B, IE
D) = G4 » D)

C

A

PRINT: HMAX,
foF2, NMAX, C,

'

| caLLsorme |

FIGURE

MAD FLOW CHART
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b. Computation of T; and B at Each "Good Spectrum" Altitude

The two parameters of a backscatter spectrum, the peak-

to-valley ratio and the bandwidth, are functions of the temperatures Ti

2
and T , and also of the o . The data are first processed by assuming
e

o =

The value of the raw density is then used to correct these T, and Tr’

which, in turn, are used to correct N, After the raw density has been

replaced by this new N, the T, and T are recalculated, and the process
i r

loops until consistent values are found for N, T , and T . This itera-
r

tion i< done for each altitude at which a spectrum has been computed,

Before being used to infer Ti and 8, a spectrum must

satisfy these four criteria:
(1) 9 < BW £ 26

(2) 1 <PV <26

(3) N’ # 0 (raw density at the altitude of the con-
sidered spectrum)

(4) SN > SNMAX.

The index of the lowest good spectrum is called KL, and
he index of the highest one is KH. For each K spectrum, KL < K = KH,
Subroutine INTERP is called in, which uses the spectrum scaling chart

(paper tape input of this program) to interprct PV and BW in terms of T,

i
and B, The program then iterates around the cquations
2
T = B(1+a) (51)
r
= i+ [
T, = T, *T (52)
! 2 2
W o= (14 a ) (14" +T) (53)
2 r
2 6
¢ = 14.22 x 107 T /VN (54)
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until the temperature Te and the density converge, At this point, the

temperature and the density are printed out,

When this loop over K has been terminated, KL is tested;
if it equals zcro, this means that all the spectra werc bad and the den-
sitiecs cannot be accurately measured; control is returned to the MAIN
program, and a new integration is storted, There will be no density

plot and no output on tape,

c. Computation of Truc Densijity

It is meaningless to compute the density at an altitude
where ground clutter is present or where the density is smaller than the

accuracy of the measurement,

Therefore we next determine the altitude extent over which
to compute truc densities, The index IB of the first ..nsity is deter-
mined in the following way. Starting at the altitude of the first good
spectrum, onc follows down the D(j) curve until D(j) is less than
101001/m3. IB is then set equal to the index, j, at this point,

If D(j) is ncver less than 1010, IB is set to the index of the minimum

of the density curve.

Similarly, the index, IE, of the highest altitude at
which the density is plotted is determined by the altitude at which D(j)
10 3 ) 10 3
exceeds 10 el/m . If the density ncver gets smaller than 10 cl/m ,
then IE is vet to 170, equivalent to a range just before the calibrate

pulse.,

To compute true densities, T and T, arc computed at cach
r i
range between IB and IE where a power profile sample exists. The temper-
atures arc computed differently, depending on whether the range is

(1) under the lowest good spectrum; {2) between two good spectra; or
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-

- (3) above the highest good spectrum, Section 1I-C describes the procedures

used for cach of thesc three cases.

The iteration that gives the true density from the raw

density uses the two cquations

2 6
@ = 11,22 X 10 % T /VNP (55)
¢
N 2 2
No= SR (lsa)(1ra 1) (56)

where VNP is the previous N,

Bkt e el Ll

2
To converge faster, a first « is computed from Eq, (55)

and then an N1 from Eq., (56), and the first VNP is taken to be the geo-

. .7 i
metrical mean between N' and N1, : ?

- we = AN, (57)

3
3
3

st -

When the density profile has been computed, the D array is

bt b 1

sl i) oL

multiplied by Cf,

Vet D)

C = N(f F2)/N 58 )
f (o )/T\max ’ ( ) :
where
2
N(f F2) = (f F2) /80,6 (59)
o o
Nm = maximum density computed from incoherent
ax

measurement alone,

so that the valuec of DENMAX is cqual to the onc deduced from { F2,
o

After the data have been processed by MAD, all the ccm-

putations for this integration period arc finished, All that neceds to
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be done is to plot these values and to write them on the output tape;

this is the task of SORTIE, which is called at this point.

8, Output Routine SORTIE

Arguments: TI,TR
Called by: MAD

Routines called: PLOT
ANNOT
LABEL

Description. This output routine plots the values of the
clectron densities, the electron temperatures, and the ion temperaturcs
as a function of altitude. Figure 32 is an example of this plot,
SORTIE also writecs the computed true densities and temperatures on a

magnetic tape. Figure 33 is the flow chart for this routine.

a, Plotting of the Densitics

To eliminatc some noise fluctuation, and since the trans-
mitted pulse length is not zero, the density profile is smoothed before

being plotted.

Typically, the pulse width is T = 360 s, and Ad = 30 ps,

so the smoothing should be over

1
X ZE = 6 samples

[N ]

In the program we average over five samples and plot the
averaged density at the altitude of the middle sample. The density ig

11 3
plotted on a linear scale of 2 X 10 el/m per inch of graph. If the
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DRAW AXES & TICK MARKS ]

I

SET PLOTTER SCALE rActonsJ

Density Plot for
=18+« 2 IE -2

X CDU-2)+DO-12 DU DU 1) e DU 2

Y = RO ¢« C201-1

I
!
[
5 I
I
|
[
|

ASK FOR & INPUT
LAST TIME AND DATE

[ ANNOTATE "N~ j
; _

RESET PLOTTER SCALE FACTORS]

!

PLOT T, vs ¥

S

¥

ANNOTATE. "TE"

1

]
[ PLOT T, vs. ¥ |

Y

ey

READ QUTPUT TAPE
(1 RECORD!

TIME & DAT
ROM TAPE = TYPED IN

PRINT TIME & DATE
READ FROM TAPE

ANNOTATE- “Ti" ]

1

WRITE START TIME,
END TIME, & DATE
ON PLOT

T

TYPE: "IF SS1 SET.
OUTPUT TAPE NOT WRITTEN"

R
[ PAUSE B

Reset }

[ reser eLor omc;nﬂ

LABEL AXES
ON PLCT

)

WRITE QUTPUT
TAPE

]

FIGURE 33 SORTIE FLOW CHART
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. 11 3
calculated density is bigger than 20 X 10 el/m , the values are plotted

with a new origin shifted 10 inches to the left.

b, Plotting of the Temperatures

The clectrop and ion temperatures are plotted only at the

v

altitudes at which the spectra were good, | -v arc plotted on a lincar

bt O RN S AR

scale of 400°K per inch of graph, The measured T 's arc identified by
i

an "X" and the T 's by a small square. Straight lines connect the meas-
o

ured temperaturces. If one of the values is out of the scale (T > SOOOO),

the pen is lifted, and the point is shown at the 3000° cdge of the graph.

C, Labeling of the Graph

z
3
=

The graph is labeled in the upper center with the start
and end times of the integration period and the date. All times and dates

. arc GMT., When these values have been written, Sensc Switch 1 is tested,

i
r
3
2

If it is sct, the message

ol Wt et

IF SS1 SET, OUTPUT TAPE NOT WRITTEN

is typed out, and the program halts., If, when the halt has becen cleared, :

551 is still set, the labeling is not finished, and, more important, the

b weben e

output tape is not written with the data corresponding to this integra-

“hd

tion period,

R P ST TY T S

d, Output Tape

The tape has to be mounted on Unit 2, the density is 556 bpi,

it B

and the tape is written in BCD format. This format has been adopted so
that the BCD output tapes can be rercad by any other computer (XDS, CcDC,

or IBM alike), nopcfully!
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1) Positioning of the Tape. One might need to position

the output tape after a specific record in order to stack additional data
on a previously written output tape. To do this, set both Sense Switches 1
and 2, Program SORTIE, after plotting the temperatures and writing the

time and date, tests SS1 and SS2, If both are set, it types the message

GIVE LAST TIME (A4), AND DATE (2A4)

The operator types in the last integration time of the record on which he

wishes to position the tape., The tape is rcead, record by rccord, until:
(1) The date read is the same as the onc asked for

(2) The last timc recad is equal to or bigger than the
typed-in time, The message OUTPUT TAPE ON hhmm sss

is then typed.

The next data will be written following this last read reccord,

2) Tape Format. A BCD written tape has a physical record
length of up to 132 characters. One logical reccord contains once or more
physical reccords,
ing to one integration period are written, with the following coding:
WRITE OUTPUT TAPE 2 , 101, NREC, NUH, D, TI, TR, PC, PN, IB, IE
1,nMorETI],9=2,6]

101 FORMAT [16, 216,2A1, 616, 2A1 ,816, /,
1 19T10812.6,/7,2E12.6,/, 2(8812,6,/]

1 ,2E12.6,16,16,A4,A3, /,316,10X]1 .

Table VII shows the output tape format.,
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Tuble VI

ouUlpuT TAPE FORMAT

Numbor
. . of
Symhol Pefinttion Format
Physicnl
Records
NIK Soguential output record number| 16 )
. |
Nl Honder (see COMMON) 16 or
A
3 .
D Donsitios an ol/m (102 valuos) | K12,06 20
11 Ton tempernturcos (8 valuos) mtz.ul
1
TR Tomporature rutios (8 values) 12,6 s
PCL PN Cal'bration and nojlse level k12,6
1H,1E St and ond Index of irue 1
donuity 106
MORE(2) ,MORE(S) | Last time A AB
MORE (1) (,,": #3000 30 ]
MORE(H) MORE(GY [ 11 ami, --
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PRECEDING PAGE BLANK-NOT FILMED

VvV SUMMARY AND RECOMMENDATIONS

In this report we have explained in detuil the use of tho Projoct 617
roadar for making incohorent scattor measurements of tho fonosphoro, 7The
data processing and analysis mothods huve beon fully desceriboed, including
wll the assumptions, interpolations, and oxtrapoelutions, ‘Those portions
of the radar hardware that are ospeciully dmportant to the incohoeront
scutter measuroments and those portions that have been doveloped, modified,
or fmproved during the past yonr have also hoon deseribed,  Thie now
computer software, in combination with the digldtal autocorrciator, has
resulted in an ordor=of=mapng tude fnprovomont in data procossing timoe,

uMd woll s oun tmprovement fn mcasuromont accuracy,

The maJor fuprovements incorporated in the padoar systom during tho
post yoar huve not only eliminnted mony Snaccuracies and uncertoadntjon
that previcusly existed hut also enabled us 1o detoct small (5= 1o 10=-
pereent) ol =pystemiat fe errors that were proviously wmnot feed,  The
Jarger guamtitdon of data thant we have boeon ahle to process with the
now Mystom have also made us sware of the noeod for additionnl computor
programs to uld in the intorprotantion of the data, Those two arens
should bho tho abjoct of wywtom fuprovamont work in the future,  Jistod
bolow oro woveral recommesdations Jor future work that would furthor
Jmprove monkuronent accuracy and incroase tho conventonce and flexibility

ol the date Interpretation,

In compirdng the incoherent weantter measuronent of the F=layoep

maximun eloctron donsity, N

X! with the maximum donsity, NIUFZ' "M

determinod by an fonodondo wo have found smaldl (20.20-01) systematic

discropanedon on top of o roughly cquul random disgeropaney,  Since all

m
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the incohercent scatter profiles are normalized to fon, the final
accuracy of the density measurement is detormined by the accuracy to
which IOFZ can be scaled, and this accuracy (a0.25 dB) is the main

caugse of the vandom discrepancies between Nmu and Nf We believe

X “FZ'

the systematic discrepancy which variey slowly with time is due to a
poor choice of filter in the detected output chunnel of the receiver,

A siuglo-polo filter is used which causes relutively less energy to
puss under conditions of high cloctron toemperature (morc cncrgy in the
spectrum wings) than low, Consequently, when the clection tomperature
is high, the clectron density 18 underestimated, A rodesipgned filter
would oliminate thiz vrobloem and would tend to moke the accuracy of the
fncoherent scatter measurcmont better than the accuracy to which iUFZ

cun he gcaled from the fonosdonde,

In the ares of computoer software, the following ftems would be

uscful;

(3, A tactltty for having diffopmt-=instead of the same=-
fntopration times for the power profrle data and spectral
ditu, o obtafpn cguivalent accuracios, lonper sntogratjon
times are nectdod for the wpecteal data than foyr the power
profttle data,

(2, A propgram thint would produce a motion pleture of tho
densdty and toemporature profdlos,  Presently, thodse
proctles are draws on the praph plotter TITI
Figure 34, ‘ihis consumes most ol the processing tinmg
and rosu e 30 omany praphs-=typieally about 200 fop n
A8 hour run, A movic condensing 24 hewrs of dota into

1

D 1o 10 miautes of viewing would bho usetul and Informative,

(4, A flexible poametor plotUing pachagge, AL the roeduced
data ure now avallable on one output tape, bhut no
propgrams extst to make use ol this tape 1o study
fonosphoerfc purametees, A desirable progran would he
one capable of roading hoek the tape and plotting any

pirinetor verdsus any other parametoer, o.p., N
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; time, N at altitude h versus T

scule height versus height, and Tr versus wax/N

(¢}

! (4) Scgmentation of the present off-line analysis program
Currently,
| the program requires almost twice the core storage

to allow $t to be run on the on-site computer,

availihle in the on-site computer., 1§ the program

on the project-owned computer, Alternatively,
computer's menory size could boe increascd,

In summary, the objectives of this ycar's program have been wmet,

Significant fmprovements have been made to the Project 617 radar hardware

both the notaral and the disturbed fonosphere,

at the same altitude,

: ’ This program would eliminate most of the hand plotting
now required to study these ionospheric parameters,

split into scegments, probably 1t could be made

and softwore, resulting in dnercased usclulness of the radar for studying,
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GIOSSARY OF TERMS

‘

Effective antenna aperture (m”)
Autocorrclation cocefficient for luag, £, and Gate g
Azimith angle of antenna measurced clockwise from north (degrees)
ki = 47 X Dhehye lenpgth/wavelength
' (i' v b) e
35,22 Y 1071 /N at o= 0,28
o
Bandwidth (v,
Recelver bandwidth of corrclation channel

Recedver tandwidth of density channel

Mceusurced bandwidth of incohorent scattor spectra from the conter
Ireguency to the frequency at which the power 8 half of its

peak value (e

Meusured clectron=to=jon temperature retio with kD assumed 1o

he equal to zero
B
Veloolty of Xipht = 3 ¥ 10 (m/H)

Calibration tactor = Nl /N
) H

. ‘)
Ja2n/dom

Systoem constant s ——-

22 )")"l’
«uuel/g, I‘Uu/d)
1/2

_ o2 . 1/2,
Dobyo lenpth = (l\'l € /Nu ) = UU('I /N) (m)
o, 0 v,

Thumbwhoeal swlteh delay number to f1irst density channel samplo

Appirent range (on scope) to first density channel sumple =
e o+ 200DN ~ 1 )km
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Ad

Ar

At

Ll

(0]

m
Q

lll1

N

Time interval between samples for density channel (either 30
or 60 us)

Range interval between avtocorrelation range gates (km)

Time interval between samples for autocorrelation chaanel
(either 10 or 12.5 us)

‘ . ~-19
Electronice churge = 1,6 X 10 coulomb

Flevation angle of antenna measured upward from horizon (degrees)

-12
Permittivity of free space = 8,801 x 10 (farads/m)

Product of transmit and reccelve systoem losses

Ordinary wave penetration frequency of the F2olayer as measured

by thce fonosonde

Antonnic haddf beamwid th measured from center to angle ac which
gain s decrcased by 3 dB Mrud bans)

Range gate number (1 5 ¢ £ 9, for wutocorrclation channel
Antonna gadn aldong madn axis

Hedght above carth's surface (m)

Hotpht of maximean clectron doenstity (m;

-2
Boltzmann's constant (Jonle/dep K)o o= 1,88 ¥ 10
Hadiy wave mber - A4=/%

Maxt imum number of laps (24 or 2.

Fagy numboer In autocorrelatyon computatfon =2 32
Raduy wavelength Oy

Bloeotron mass (hy)

Ton muss (kyyy,

o
Floectron density (el/m )
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m

P
I

j

Number of pulses over which integration is performed

A row measured electron density calculated by assuming

FZ2=layer maximum density as measured by the incoherent
scatter radar

2
F2-layer maximum density calculated from § F2 = (1' l"Z) /80,6
0 0
Average neasured density channel power at last sixtcen sample

pointg (3177 <7 § 7 192, where injected noise pulse is
positioned =

192
5 2
— P
16 i
3177
2
Average measurced density channel power = Vj;

includes both sipgnal power and noisc power at most values of
Injersted calibrate nojsce pulse power = h"l‘l B (watts)
s D

Average measured density channel power at sixteon sample ronges
Immoediately precaeding callibrate pulse, where received nolsc
alone no fncoherent scatter sipnal) s present =

176

1
- ]!
2

4 161
Recclved power (watts)
Peak transmd tted power {(watts)
Puisce repetition froquency (Hz
Measurad peak=to-valley 1atio of incoherent scatter spectra
Hadar ranpge (w)

Lowest altitude wt which measured tompoeratures are optained
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Range to maximum electron density

R
M
RU Uppermost altitude at which measured temperatures are obtained
R1 Apparent range (on scope) to center of first autocorrelation
range gate (km)
RN Apparent range (on scope) to center of autocorrelation range
gate in which noise alone is sampled
SNR Signal-to-noise ratio
SPNR Sipnaul-plus-noisce-to-noise ratio
c Lffective backscatter cross scection of single electron for
incohcerent scatter = ce/ 1 + &l + Tr 1 + a2|(m?)
. . -28, 2
(o] Backscatter cross scection of single clectron = 10 {m )
C
) lectron temperature {(degrees K)
C
Tj lon temperature (degrees K
] L Injected calibrate noisce pulsce temperature (degrees k)
T’ T /’J1 = clectron-1to-ion temperature ratio
' ¢
T Transmitted pulse length (scconds)
1
v1 Measured density channel voltage at sumple point
- (1 < § = 192,
w Range gate width (km)
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